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,Q UHVSRQVH WR WKLVDQ$XWRPDWHG4XDQWLILFDWLRQ$OJRULWKP$4X$ZDVGHVLJQHG
DV WKH ILQDO VWHS RI WKH 105EDVHG PHWDERORPLFV ZRUNIORZ ,PSOHPHQWDWLRQ DQG
HYDOXDWLRQ ZDV GRQH IRU TXDQWLILFDWLRQ RI KXPDQ SODVPD PHWDEROLWHV LQ VDPSOHV
FROOHFWHG XVLQJ KHSDULQ DV DQWLFRDJXODQW $4X$ HQDEOHG WKH TXDQWLILFDWLRQ RI 
PHWDEROLWHV LQ  VDPSOHV ZLWKLQ RQH VHFRQG RQ D VWDQGDUG SHUVRQDO FRPSXWHU
$4X$ SHUIRUPHG ZLWK HTXDO DFFXUDF\ DV D PDQXDO SURFHGXUH IRU WDUJHWHG SURILOLQJ
SHUIRUPHGXVLQJDVRIWZDUHSDFNDJHGHGLFDWHGWRPHWDEROLWHTXDQWLILFDWLRQE\105 ,Q
FRQWUDVW WR XVLQJ KHSDULQ DV DQWLFRDJXODQW WKH XVH RI ('7$ LQWURGXFHG DGGLWLRQDO
LQWHUIHUHQFHV :LWK VRPH PRGLILFDWLRQV $4X$ DOVR TXDQWLILHG KXPDQ SODVPD
PHWDEROLWHV GHVSLWH WKH SUHVHQFH RI WKH KLJK LQWHQVLW\ VLJQDOV IURP ('7$ VRPH RI
ZKLFKGLVSOD\HGLQWHUVSHFWUDOGHYLDWLRQVLQVLJQDOSRVLWLRQVDQGOLQHZLGWKV
7R IXUWKHU GHPRQVWUDWH LWV XVHIXOQHVV $4X$ ZDV XWLOLVHG IRU ULVN ELRPDUNHU
GLVFRYHU\ LQ D FDVHFRQWURO VWXG\ QHVWHG ZLWKLQ WKH 1RUWKHUQ 6ZHGHQ +HDOWK DQG
'LVHDVH&RKRUW 3ODVPDPHWDEROLWHVZHUH TXDQWLILHG LQ VDPSOHV IURPPHQ 
ZKRPZHUHGLDJQRVHGZLWKSURVWDWHFDQFHUPRUH WKDQ\HDUVDIWHUVDPSOHFROOHFWLRQ
EDVHOLQH DQG ZKRPZHUHPDWFKHG FRQWUROV 06EDVHGPHWDERORPLFVZDV DOVR
HPSOR\HG WR \LHOG FRPSOHPHQWDU\ LQIRUPDWLRQ &RQGLWLRQDO ORJLVWLF UHJUHVVLRQ DQG
FRUUHFWLRQ IRU PXOWLSOH WHVWLQJ ZHUH SHUIRUPHG 5LVN ELRPDUNHUV IRU SURVWDWH FDQFHU
YDULHGZLWKEDVHOLQHDJHDQGGLVHDVHDJJUHVVLYHQHVV)RUH[DPSOHJO\FLQHDQGS\UXYLF
DFLG ZHUH LGHQWLILHG LQ \RXQJHU VXEMHFWV ZKLOH OLSLG VSHFLHV HJ
O\VRSKRVSKDWLG\OFKROLQHV DVVRFLDWHG ZLWK RYHUDOO GLVHDVH ULVN LQ ROGHU VXEMHFWV DQG














































































































7KH FRQWULEXWLRQ RI+DQQD( 5|KQLVFK WR WKH SDSHUV LQFOXGHG LQ WKLV WKHVLV
ZDVDVIROORZV

7DEOHExample of studies employing the concept of MWAS 
7DEOH Explanation of important values in AQuA 
7DEOH Explanation of quality indicators 
7DEOH Interfering 1H NMR signals from human plasma metabolites 
7DEOH Potential risk biomarkers for prostate cancer measured by NMR 













































































































$ WUDGLWLRQDO DSSURDFK LQPROHFXODU ELRORJ\ KDV EHHQ WR VHOHFW RQH RU D IHZ
PROHFXOHV IRU H[DPLQDWLRQ EDVHGRQ DQ H[LVWLQJK\SRWKHVLV+RZHYHU UHFHQW
DGYDQFHV LQ WHFKQRORJ\ KDYH UHVXOWHG LQ HYROYHPHQW WRZDUGV JOREDO
DSSURDFKHVVXFKDVJHQRPLFVWUDQVFULSWRPLFVSURWHRPLFVDQGPHWDERORPLFV
*OREDODSSURDFKHVWDNHDGYDQWDJHRIDYDLODEOHDQDO\WLFDOPHWKRGVWRIDFLOLWDWH
PRUH FRPSUHKHQVLYH DQG KROLVWLF H[DPLQDWLRQV RI WKH PROHFXODU FRQWHQW LQ
ELRORJLFDOVDPSOHV(OOLRWW et al.5HLQKROG*HUPDQet al.
0HWDERORPLFV VSHFLILFDOO\ DLP WR H[DPLQH PROHFXOHV RI ORZ ZHLJKW 
'D 7KHVH PROHFXOHV DUH FDOOHG PHWDEROLWHV DQG WRJHWKHU WKH\ EXLOG XS WKH
PHWDERORPH :LVKDUW et al.  +ROO\ZRRG et al.  0HWDEROLWHV
RSHUDWH RQ D OHYHO FORVH WR IXQFWLRQ GRZQVWUHDP RI JHQHV WUDQVFULSWV DQG




FRPSLOHV LQIRUPDWLRQ RQ KXPDQ PHWDEROLWHV LQFOXGLQJ WKHLU TXDQWLWLHV DQG
GLVHDVHUHODWHG SURSHUWLHV 7KRXVDQGV RI HQGRJHQRXV PHWDEROLWHV KDYH EHHQ
LGHQWLILHGDQGTXDQWLILHGLQGLIIHUHQWELRORJLFDOVDPSOHVVXFKDVEORRGVHUXP






0HWDERORPLFV DQDO\VLV FDQ EH HPSOR\HG XVLQJ GLIIHUHQW DQDO\WLFDO PHWKRGV
7ZRFRPPRQO\XVHGPHWKRGVLQPHWDERORPLFVDUHQXFOHDUPDJQHWLFUHVRQDQFH
105VSHFWURVFRS\DQG PDVVVSHFWURPHWU\06'XQQ	(OOLV
105 VSHFWURVFRS\ XWLOLVHV WKH TXDQWXP PHFKDQLFDO SURSHUWLHV VSLQ RI




UHFRUGHG DQG PDWKHPDWLFDOO\ WUDQVIRUPHG LQWR DQ 105 VSHFWUXP 7KH
VSHFWUXP JHQHUDWHG YLD 105 DQDO\VLV RI D OLTXLG VROXWLRQ ZLWK GLIIHUHQW
PROHFXOHV KROGV LQIRUPDWLRQ UHODWHG WR WKHLU LGHQWLW\ DQG TXDQWLW\ 1DJDQD
*RZGDet al. %KDUWL	5R\&ODULGJH
,Q06PROHFXOHVDUHILUVWFRQYHUWHGLQWRLRQVLQDQLRQVRXUFH7KHVHLRQV
RU IUDJPHQWV WKHUHRI DUH WKHQ DQDO\VHG ZLWK UHJDUG WR WKHLU PDVVWRFKDUJH






FRQWDLQV GLIIHUHQW PROHFXOHV FDQ EH GLUHFWO\ LQMHFWHG WR WKH LRQ VRXUFH
K\SKHQDWLRQ ZLWK FKURPDWRJUDSKLF V\VWHPV VXFK DV OLTXLG FKURPDWRJUDSK\
/&FDQEHXVHGWRVHSDUDWHWKHPROHFXOHVSULRUWR06DQDO\VLV3LWW
105 DQG 06 VXIIHU IURP GLIIHUHQW OLPLWDWLRQV EXW WKH\ DOVR GLVSOD\
GLIIHUHQW DGYDQWDJHV )RU H[DPSOH 105 LV KLJKO\ UHSURGXFLEOH DQG
TXDQWLWDWLYH LQ QDWXUH +RZHYHU 105 VXIIHUV IURP VHQVLWLYLW\ LVVXHV
7KHUHIRUH D UHODWLYHO\ ODUJH VDPSOH YROXPH LV W\SLFDOO\ UHTXLUHG IRU WKH






ODEHOOHG VWDQGDUGV IROORZHG E\ GLUHFW IORZ LQMHFWLRQ WDQGHP06ZLWK050
DOORZHG IRU TXDQWLILFDWLRQ RI GLIIHUHQW OLSLG VSHFLHV HJ DF\OFDUQLWLQHV
VSKLQJRP\HOLQV DQG JO\FHURSKRVSKROLSLGV LQ ERWK XULQH DQG VHUXP
+\SKHQDWLRQZLWK/&DOVRDOORZHGIRUGHWHFWLRQRIDPLQRDFLGVDQGELRJHQLF





PDQ\PHWDERORPLFV VWXGLHV IRFXV RQ RQH W\SH RI ELRIOXLG 6KL et al. 
5XL]&DQHODet al.6FKPLGWet al.+XDQJet al.4XLet al.
.KQet al.'URJDQet al.0RQGXOet al.0RQGXOet 
al.:DQJet al.7KHDQDO\VLVRIKXPDQEORRGPHWDEROLWHVLVYHU\
FRPPRQZKLFKLVUHIOHFWHGLQVWDWLVWLFVIURPWKH+0'%WKDWUHYHDODVXSHULRU
QXPEHU RI GHWHFWHG DQG TXDQWLILHGPHWDEROLWHV LQ EORRG VDPSOHV VHUXP DQG
SODVPD FRPSDUHG WR HJ &6) XULQH DQG VDOLYD
KWWSZZZKPGEFDVWDWLVWLFV
7DUJHWHGDQGXQWDUJHWHGPHWDERORPLFV
0HWDERORPLFV DQDO\VLV FDQ EH SHUIRUPHG LQ D WDUJHWHG RU XQWDUJHWHG IDVKLRQ
)LJXUH  8QWDUJHWHG DQDO\VLV DLPV WR H[DPLQH DV PDQ\ PHWDEROLWHV DV
SRVVLEOH LQFOXGLQJ SUHYLRXVO\ XQNQRZQ PHWDEROLWHV ZKLOH WDUJHWHG DQDO\VLV
DLPWRTXDQWLI\DVHWRISUHVHOHFWHGPHWDEROLWHV*RUURFKDWHXJXLet al.
7KHZRUNIORZRIWDUJHWHGDQDO\VLV W\SLFDOO\LQFOXGHVVDPSOHSUHSDUDWLRQGDWD
FROOHFWLRQ SURFHVVLQJ RI GDWD PHWDEROLWH LGHQWLILFDWLRQ DQG TXDQWLILFDWLRQ
+HQFH WKH GDWD JHQHUDWHG LQFOXGHV D OLVW RI PHWDEROLWH FRQFHQWUDWLRQV LQ

GLIIHUHQW VDPSOHV ZKLFK LV XVHG LQ WKH VWDWLVWLFDO DQDO\VLV 7KH XQWDUJHWHG
ZRUNIORZ W\SLFDOO\ LQFOXGHV VDPSOH SUHSDUDWLRQ GDWD FROOHFWLRQ DQG GDWD
SURFHVVLQJ3URFHVVLQJJHQHUDWHVGDWDRWKHUWKDQDEVROXWHFRQFHQWUDWLRQVHJ
VLJQDODUHDVRULQWHQVLWLHVIRUGLIIHUHQWPHWDEROLWHIHDWXUHVLQGLIIHUHQWVDPSOHV
7KHZRUNIORZ LVRIWHQ IROORZHGE\PHWDEROLWH LGHQWLILFDWLRQ VWHSV+RZHYHU
LGHQWLILFDWLRQ FDQ EH D NH\ ERWWOHQHFN LQ WKH XQWDUJHWHG ZRUNIORZ DQG PD\
WKHUHIRUHEH OLPLWHG WR VSHFLILF IHDWXUHV WKDW GLVSOD\HG DSURPLVLQJ VWDWLVWLFDO
RXWFRPH 7KH XQWDUJHWHG ZRUNIORZ LV H[SORUDWLYH EXW QRW IXOO\ TXDQWLWDWLYH
ZKLOH WKH WDUJHWHG ZRUNIORZ LV OHVV H[SORUDWLYH EXW TXDQWLWDWLYH 0DWVXGD
6FKULPSH5XWOHGJH et al.$ORQVRet al.
Figure 2.*HQHUDO ZRUNIORZVIRUWDUJHWHGDQGXQWDUJHWHGPHWDERORPLFV
$OWKRXJK PHWDERORPLFV \LHOGV PXFK LQIRUPDWLRQ WKH JHQHUDWLRQ RI GDWD LV
FKDOOHQJLQJ7KLVRIWHQRZHVWRWKHH[WHQVLYHDQGVRPHWLPHVWLPHFRQVXPLQJ
SURFHVVLQJ VWHSV UHTXLUHG WR FRQYHUW UDZ GDWD LQWR GDWD VXLWDEOH IRU IXUWKHU
VWDWLVWLFDO DQDO\VLV %LQJRO  0DWVXGD  6FKULPSH5XWOHGJH et al.
105EDVHGPHWDERORPLFVRIKXPDQSODVPDDQGVHUXPFDQVHUYHDVD
FODULI\LQJ H[DPSOH &ORVH WR VHYHQW\ KXPDQ EORRG PHWDEROLWHV KDYH EHHQ
LGHQWLILHGE\1058QIRUWXQDWHO\105VLJQDOVIURPGLIIHUHQWPHWDEROLWHVDUH
VRPHWLPHV GLIILFXOW WR GLVWLQJXLVK IURP HDFK RWKHU 7KLV UHVXOWV LQ VLJQDO
LQWHUIHUHQFHV ZKLFK KDPSHU DFFXUDWH TXDQWLILFDWLRQ 1DJDQD *RZGD et al






LV FDOOHGPHWDEROLF ILQJHUSULQWLQJ :RUOH\	 3RZHUV  ,Q FRQWUDVW WKH
SURFHVVLQJ WLPH LQFUHDVHV ZKHQ LQWHUIHUHQFHV DUH DFFRXQWHG IRU WR \LHOG
DEVROXWHFRQFHQWUDWLRQV:HOMLHet al.,QRUGHUWRFRPELQHWKHFRQFHSW
RI KLJKWKURXJKSXW ZLWK DFFXUDWH TXDQWLILFDWLRQ VXEVWDQWLDO HIIRUW KDV EHHQ
GRQH WR LQFUHDVHG OHYHO RI DXWRPDWLRQ RI SUHYLRXVO\ PDQXDO SURFHGXUHV WKDW




XQLYDULDWH RU PXOWLYDULDWH PHWKRGV $ORQVR et al.  $ NH\ DVSHFW LQ
XQLYDULDWHVWDWLVWLFVLVK\SRWKHVLVWHVWLQJZKHUHWHVWVWDWLVWLFVLVSHUIRUPHGDQG
DSUHGHFLGHGFXWRIIYDOXHIRUVLJQLILFDQFHGHWHUPLQHVZKHWKHURUQRWWKHQXOO
K\SRWKHVLV FDQ EH UHMHFWHG 8QLYDULDWH VWDWLVWLFV LV HDV\ WR HPSOR\ DQG WKH
UHVXOWVDUHKLJKO\LQWHUSUHWDEOH7KHXVHRIXQLYDULDWHVWDWLVWLFLQPHWDERORPLFV
KDV VRPH LPSRUWDQW LPSOLFDWLRQV )RU H[DPSOH VHYHUDO PHWDEROLWHV ZLOO EH
VXEMHFWHGWRWKHVDPHVWDWLVWLFDOWHVWDQGWKLVPXOWLSOHWHVWLQJZLOOLQFUHDVHWKH
UDWHRIIDOVHSRVLWLYHUHVXOWV9LQDL[Det al.0RUVKHGet al.7KLVLV
SUREOHPDWLF VLQFH WKH FRPPRQO\ XVHG FXWRII IRU VWDWLVWLFDO VLJQLILFDQFH S
KDVEHHQFULWLFLVHGIRUEHLQJSURQH WR\LHOG IDOVHSRVLWLYHRXWFRPHV WR
EHJLQZLWK%HQMDPLQet al.<HWPXOWLSOHWHVWLQJFDQEHFRQWUROOHGIRU
XVLQJGLIIHUHQWFRUUHFWLRQSURFHGXUHV$ORQVRet al.
Correction from multiple testing 
,W LV FRPSOLFDWHG WR DVVHVV WKHRYHUDOO HUURU UDWH LQPXOWLSOH WHVWLQJ VFHQDULRV
VLQFH WKHUH LV D ULVN IRU ERWK IDOVH QHJDWLYHV DQG IDOVH SRVLWLYHV LQ HDFK
LQGLYLGXDOWHVW%URDGKXUVW	.HOO6WRUH\%RQIHUURQLFRUUHFWLRQ
LV WKH VWDQGDUG DSSURDFK ZKLFK DFFRXQWV IRU WKH IDPLO\ZLVH HUURU UDWH
):(5–LHWKHSUREDELOLW\WR\LHOGRQHRUVHYHUDOIDOVHSRVLWLYHLQDVHULHV
RI PXOWLSOH K\SRWKHVHV WHVWHG ,Q WKLV DSSURDFK WKH ĮOHYHO  LV VLPSO\
GLYLGHG E\ WKH QXPEHU RI YDULDEOHV WHVWHG 7KLV DSSURDFK DVVXPHV DOO
PHWDEROLWHV DV LQGHSHQGHQW YDULDEOHV DOWKRXJKPDQ\PHWDEROLWHV RU IHDWXUHV
DUH LQWHUFRUUHODWHG %RQIHUURQL FRUUHFWLRQ KDV EHHQ FULWLFLVHG IRU EHLQJ WRR
FRQVHUYDWLYH DQG WKHUHE\ LQFUHDVLQJ WKH UDWH RI IDOVH QHJDWLYH UHVXOWV
%URDGKXUVW 	 .HOO  6WRUH\  5DWKHU WKDQ XVLQJ WKH ):(5 WR
FRQWURO IRU PXOWLSOH WHVWLQJ OHVV VWULQJHQW DSSURDFKHV PD\ EH DSSOLHG 2QH




D SRZHUIXO \HW PRUH OLEHUDO DSSURDFK FRPSDUHG WR %RQIHUURQL FRUUHFWLRQ
6WRUH\
Multivariate statistics 
'LIIHUHQW PHWDEROLWHV RU PHWDEROLWH IHDWXUHV FDQ GLVSOD\ KLJK LQWHU
FRUUHODWLRQV,QFRQWUDVW WRXQLYDULDWHVWDWLVWLFVZKHUHDOOYDULDEOHVDUHWUHDWHG
DV LQGHSHQGHQW YDULDEOHVPXOWLYDULDWH PHWKRGV RIIHU DQ DOWHUQDWLYH DSSURDFK
WKDW FRQVLGHUV LQWHUFRUUHODWLRQ EHWZHHQ GLIIHUHQW YDULDEOHV $ORQVR et al.
 0XOWLYDULDWH VWDWLVWLFDO DQDO\VLV FDQ UHWDLQ WKH JOREDO QDWXUH RI
PHWDERORPLFV H[SHULPHQWV WR GLVWLQJXLVK EHWZHHQ GLIIHUHQW RXWFRPHVJURXSV
RQ DPHWDERORPH OHYHO :RUOH\	 3RZHUV $OWKRXJK WKHUH DUHPDQ\
PXOWLYDULDWHPHWKRGVWKH\FDQEURDGO\EHGLYLGHGLQWRWZRFDWHJRULHVQDPHO\
XQVXSHUYLVHGRUVXSHUYLVHGPHWKRGV
3ULQFLSOH FRPSRQHQW DQDO\VLV 3&$ LV DQ XQVXSHUYLVHGPHWKRG ,Q 3&$
WKH GDWD IURP PHWDERORPLFV DQDO\VHV ; LV QRW UHODWHG WR DQ\ UHVSRQVH
YDULDEOHV < 7KH IXOO GLPHQVLRQDOLW\ RI ; LV VLPSO\ UHGXFHG WR D IHZHU
QXPEHURISULQFLSDOFRPSRQHQWVWKDWFDSWXUHLPSRUWDQWYDULDWLRQLQWKHGDWDVHW
*UHHQHet al.
3DUWLDO OHDVW VTXDUHV SURMHFWLRQ WR ODWHQW VWUXFWXUHV 3/6 LV D VXSHUYLVHG
PHWKRGIRUPXOWLYDULDWHUHJUHVVLRQDQDO\VLVZKHUH;LVUHODWHGWR<:ROGet 




LV H[SODLQHG E\ < IURP WKH YDULDWLRQ LQ ; WKDW FDQQRW EH H[SODLQHG E\ <





PHWDERORPLFV KHDYLO\ UHOLHV XSRQ LWV LQWHJUDWLRQ ZLWK REVHUYDWLRQDO VWXG\
GHVLJQV7KLV ILHOG RI UHVHDUFK KDV EHHQ WHUPHGPROHFXODU HSLGHPLRORJ\ DQG
W\SLFDOO\ DLP WR HVWDEOLVK DVVRFLDWLRQ EHWZHHQ H[SRVXUH PHWDEROLWHV DQG
RXWFRPH GLVHDVH RQ D SRSXODWLRQEDVHG OHYHO *DUFíD&ORVDV et al. 
+HQGULNVet al.$OWKRXJKWKHGHILQLWLRQRIDELRPDUNHUYDULHVLQH[LVWLQJ
OLWHUDWXUH LW KDV EHHQ EURDGO\ GHILQHG DV D PHDVXUHPHQW RI D QRUPDO RU
SDWKRSK\VLRORJLFDO SURFHVV RU D UHVSRQVH WR DQ LQWHUYHQWLRQ RU H[SRVXUH

%LRPDUNHUV FDQ EH FODVVLILHG LQWR GLIIHUHQW VXEW\SHV 'LDJQRVWLF ELRPDUNHUV
GHWHFWWKHSUHVHQFHRIDGLVHDVHZKLOHULVNELRPDUNHUVUHIOHFWDQLQFUHDVHGULVN
RI GLVHDVH GHYHORSPHQW EHIRUH LWV FOLQLFDOPDQLIHVWDWLRQ &DOLII  )'$
1,+%LRPDUNHU:RUNLQJ*URXS




WKH HDUOLHU JHQRPHZLGH DVVRFLDWLRQ VWXGLHV *:$6 WKDW DLP WR LQYHVWLJDWH
DVVRFLDWLRQ RI JHQRW\SHZLWK GLVHDVH ULVN:HDN DVVRFLDWLRQ EHWZHHQ JHQHWLF
YDULDWLRQDQGGLVHDVHULVNZHUHW\SLFDOO\UHSRUWHGLQHDUO\VWXGLHV9LVVFKHUet 
al.6FLHQWLVWVKDYHDUJXHGWKDWWKHFRQFHSWRI0:$6LVLQKHUHQWO\PRUH
IUXLWIXO VLQFH WKH GHYHORSPHQW RIPDQ\ GLVHDVHV GHSHQGV RQ FRPSOH[ JHQH
HQYLURQPHQWDO LQWHUDFWLRQV VRPHWKLQJ WKDW FDQQRW EH FDSWXUHG E\ *:$6
1LFKROVRQet al.1LFKROVRQet al.
0DQ\FOLQLFDODQGHSLGHPLRORJLFDOVWXGLHVFROOHFWKXPDQEORRGVDPSOHVDQG
VWRUH WKHP DV DOLTXRWV RI SODVPD RU VHUXP IRU IXWXUH UHVHDUFK SXUSRVHV
9DXJKW et al.  6XFK VDPSOH UHSRVLWRULHV DUH KLJKO\ VXLWDEOH IRU
ELRPDUNHU GLVFRYHU\ HVSHFLDOO\ VLQFH WKH OHYHO RI GLIIHUHQW KXPDQ EORRG
PHWDEROLWHV DUH UHJXODWHG E\ YDULDWLRQ RI HQYLURQPHQWDO DQG JHQHWLF IDFWRUV
/LX1LFKROVRQet al.
7KH FRQFHSW RI 0:$6 KDV DOUHDG\ EHHQ LPSOHPHQWHG WR LGHQWLI\ ULVN
ELRPDUNHUV IRU GLIIHUHQW GLVHDVHV VXFK DVSURVWDWH FDQFHU DQG W\SHGLDEHWHV
7'7DEOH
6FRSHRIWKHVLVZRUN
7KH VFRSH RI WKLV WKHVLV ZRUN FDQ EH GLYLGHG LQWR WZR SDUWV 7KH ILUVW SDUW
UHJDUGVPHWKRGRORJLFDOGHYHORSPHQWWRLPSURYHWKH WKURXJKSXWRIPHWDEROLWH
TXDQWLILFDWLRQ E\ 105 LQ KXPDQ SODVPD VDPSOHV 7KH VHFRQG SDUW UHJDUGV
LQWHJUDWLRQRIKLJKWKURXJKSXWZRUNIORZVIRUWDUJHWHGPHWDERORPLFVLQWRODUJH




7DEOH Example of studies employing the concept of MWAS a, b 
Reference Disease Cohort Samples Method Approach 
6KLet al. 7' 16+'& 3ODVPD 06 8QWDUJHWHG
5XL]&DQHODet al. 7' 35(',0(' 3ODVPD 06 8QWDUJHWHG
6FKPLGWet al. 3URVWDWHFDQFHU (3,& 3ODVPD 06 7DUJHWHG
+XDQJet al. 3URVWDWHFDQFHU 3/&2 6HUXP 06 8QWDUJHWHG
4XLet al. 7' ')7-	-61&' 3ODVPD 06 7DUJHWHG
.KQet al. 3URVWDWHFDQFHU (3,&+HLGHOEHUJ 3ODVPD 06 7DUJHWHG
'URJDQet al. 7' (3,&3RWVGDP 6HUXP 06 8QWDUJHWHG
0RQGXOet al. 3URVWDWHFDQFHU $%7& 6HUXP 06 8QWDUJHWHG
0RQGXOet al. 3URVWDWHFDQFHU $%7& 6HUXP 06 8QWDUJHWHG
:DQJet al. 7' )+6	0'&6 3ODVPD 06 7DUJHWHG
a &RKRUWV $OSKD7RFRSKHURO %HWD&DURWHQH $7%& FDQFHU SUHYHQWLRQ VWXG\ 'RQJ)HQJ7RQJ-L
')7-FRKRUW(XURSHDQ3URVSHFWLYH,QYHVWLJDWLRQ(3,&LQWRFDQFHUDQGQXWULWLRQVWXG\)UDPLQJKDP
+HDUW 6WXG\ )+6 -LDQJ6X 1RQ&RPPXQLFDEOH 'LVHDVH -61&' FRKRUW0DOP|'LHW DQG&DQFHU
6WXG\ 0'&6 1RUWKHUQ 6ZHGHQ +HDOWK DQG 'LVHDVH &RKRUW 16+'& 35(YHQFLyQ FRQ ',HWD








PDJQHWLF PRPHQW LW FLUFXODWHV DERXW WKH DSSOLHG ILHOG ZLWK D /DUPRU
SUHFHVVLRQ7KH/DUPRUIUHTXHQF\LVWKHUDWHRIWKLVSUHFHVVLRQDQGLWGHVFULEHV
WKHUHVRQDQFHIUHTXHQF\IRUHDFKJLYHQQXFOHDUVSHFLHV6LQFHWZRVSLQVWDWHV
H[LVW IRU WKH SURWRQ QXFOHL LWVPDJQHWLFPRPHQWVPD\ DOLJQ SDUDOOHO RU DQWL
SDUDOOHOWRWKHDSSOLHGPDJQHWLFILHOG$SRSXODWLRQRIVSLQVLQDVWDWLFPDJQHWLF
ILHOG ۰ഥ૙ZLOOGLVWULEXWHRYHU WKH WZRVSLQ VWDWHV VR WKHUH LVDQH[FHVV LQ WKH
spin state of lowest energy (Į). This results LQDQHWPDJQHWLVDWLRQۻഥ૙DOLJQHG
LQSDUDOOHOWRWKHPDJQHWLFILHOG)LJXUH$105RFFXUVZKHQWKHPDJQHWLF

PRPHQWV DOWHU VSLQ VWDWHV 7KLV LV DFKLHYHG GXULQJ 105 H[SHULPHQW E\
DSSO\LQJDUDGLRIUHTXHQF\SXOVH۰ഥ૚)LJXUH%7RLQGXFHDFKDQJHLQVSLQ
VWDWHV WKH IUHTXHQF\ RI WKH DSSOLHG SXOVH PXVW PDWFK ZLWK WKH /DUPRU
IUHTXHQF\ RI WKH VSLQV 7KHQ WKH QHW PDJQHWLVDWLRQ LV SHUWXUEHG ۻഥ  VR WKH
SRSXODWLRQ GLIIHUHQFH LV HTXDOLVHG DQG WKH VSLQV SRVVHVV SKDVH FRKHUHQFH
)LJXUH & 7KH HIIHFW RI DSSO\LQJ D UDGLR IUHTXHQF\ SXOVH GLVDSSHDUV RYHU
WLPH DV WKH QHW PDJQHWLVDWLRQ UHWXUQV WR HTXLOLEULXP )LJXUH ' 7KH








VSLQ VWDWH ZLWK KLJKHVW HQHUJ\ 5LJKW 7KH PDFURVFRSLF YLHZ VKRZLQJ WKH EXON PDJQHWLVDWLRQ
YHFWRUࡹഥ ૙%$SSO\LQJDUDGLRIUHTXHQF\SXOVH[RWKDWPDWFKWKH/DUPRUIUHTXHQF\RIWKH
VSLQV ࡮ഥ૚ &7KH HIIHFW RI DSSO\LQJ WKH UDGLR IUHTXHQF\SXOVH [R/HIW7KHPLFURVFRSLF
YLHZ VKRZV DQ HYHQ GLVWULEXWLRQ RI VSLQV WKDW DOVR GLVSOD\ SKDVH FRKHUHQFH 5LJKW 7KH




LQ D VROXWLRQ RI FKORURIRUP &+&O 7KHQ DOO VSLQV ZLOO KDYH WKH VDPH
UHVRQDQFHIUHTXHQF\+RZHYHUDJLYHQPROHFXOHFDQDOVRKDYHVHYHUDOQXFOHDU
VSHFLHVZKLFK UHVXOWV LQ VHYHUDO UHVRQDQFH IUHTXHQFLHV(DFKQXFOHDU VSHFLHV
KDVDXQLTXHFKHPLFDOHQYLURQPHQWWKDWDIIHFWVWKHORFDOPDJQHWLFILHOGZKLFK
LQ WXUQ DIIHFWV WKH /DUPRU IUHTXHQF\ $OO QXFOHL RI D VSHFLHV HJ GLIIHUHQW
SURWRQV LQ D PROHFXOH DUH H[FLWHG VLPXOWDQHRXVO\ E\ WKH DSSOLHG UDGLR





/RUHQW]LDQ OLQH VKDSH7KH UHVRQDQFHV RU VLJQDOV DUH ORFDWHGRQ D FKHPLFDO
VKLIW VFDOH ZKLFK LV D UHODWLYH IUHTXHQF\ VFDOH LQ SDUWV SHU PLOOLRQ SSP
)UHHPDQD
)LJXUHLOOXVWUDWHVWKHRQHGLPHQVLRQDO'SURWRQ+105VSHFWUXPRI
HWKDQRO DQG LVRSURSDQRO K\GUR[\O SURWRQV DUH QRW VKRZQ 7KH QXPEHU RI
VLJQDOV REVHUYHG LQ WKH VSHFWUXP IRU D JLYHQ PROHFXOH FRUUHVSRQGV WR WKH
QXPEHU RI FKHPLFDOO\ HTXLYDOHQW SURWRQV 7KHUH DUH VRPH JHQHUDO WUHQGV
UHJDUGLQJ WKH VLJQDO SRVLWLRQV )RU H[DPSOH VLJQDOV IURP PHWKLQH SURWRQV
JHQHUDOO\ GLVSOD\ KLJKHU FKHPLFDO VKLIW YDOXHV WKDQ SURWRQV LQ D PHWK\OHQH
JURXSDQGVLJQDOVIURPPHWK\OHQHSURWRQVJHQHUDOO\GLVSOD\DKLJKHUFKHPLFDO
VKLIW YDOXH WKDQ VLJQDOV IURP PHWK\O SURWRQV 7KH UHODWLYH LQWHJUDO DUHD RI
VLJQDOVFRUUHVSRQGVWRWKHQXPEHURISURWRQVWKDWJLYHVULVHWRHDFKUHVSHFWLYH
VLJQDO )ULHEROLQ D )ULHEROLQ E )XUWKHUPRUH VLJQDOV GLVSOD\
GLIIHUHQW VSLQFRXSOLQJ SDWWHUQV7KLV RZHV WR FRQQHFWLYLW\ WKURXJK FRYDOHQW
ERQGV EHWZHHQ GLIIHUHQW JURXSV RI FKHPLFDOO\ QRQHTXLYDOHQW SURWRQV )RU
H[DPSOHDVLJQDOZLWKRQHQHLJKERXULQJSURWRQZLOOVSOLWLQWRDVLJQDOZLWKWZR
DSLFHV DQG WKH GLVWDQFH EHWZHHQ WKH DSLFHV LV FDOOHG WKH VFDODU FRXSOLQJ













105 LV TXDQWLWDWLYH LQ QDWXUH 5DQMDQ 	 6LQKD  +RZHYHU
PDFURPROHFXOHVVXFKDVKXPDQSODVPDSURWHLQVJHQHUDWHEURDGDQGZHDN+
105 VLJQDOV WKDW LQWHUIHUH ZLWK PDQ\ PHWDEROLWH VLJQDOV 7KHUHIRUH
PDFURPROHFXOHV FDQ KDPSHU WKH TXDQWLWDWLYH DQDO\VLV RI PHWDEROLWHV
:DOOPHLHUet al.7L]LDQLet al.0DFURPROHFXOHVFDQEHUHPRYHG








LQ WKH VDPSOH 3DXOL et al  %XUWRQ et al.  $OD.RUSHOD 
,PSRUWDQWO\ WKHXVHRIRQHLQWHUQDOVWDQGDUGHQDEOHVTXDQWLILFDWLRQRIVHYHUDO
PHWDEROLWHVDQG WKHVWDQGDUGGRHVQRWQHHG WREHVWUXFWXUDOO\ UHODWHGZLWK WKH
PHWDEROLWHV WDUJHWHG IRU TXDQWLILFDWLRQ 3DXOL et al. 'LIIHUHQW LQWHUQDO
VWDQGDUGVFDQEHXVHGLQ105EDVHGPHWDERORPLFVRIKXPDQSODVPDVXFKDV
GLPHWK\OVLODSHQWDQHDPPRQLXP WULIOXRURDFHWDWH '6$ VRGLXP 
GLPHWK\OVLODSHQWDQHVXOIRQDWH '66 RU VRGLXP WULPHWK\OVLO\O
SURSLRQDWH 763 6XEVWLWXWLQJ WKH K\GURJHQV LQ WKH FDUERQ FKDLQ ZLWK









FDQ EH V\QWKHVLVHG HOHFWURQLFDOO\ DQG FDOLEUDWHG DJDLQVW DEVROXWH TXDQWLWLHV
$NRNDet al.
7KH SRVLWLRQV DQG OLQH ZLGWKV RI VRPH PHWDEROLWH VLJQDOV PD\ YDU\
EHWZHHQH[SHULPHQWDOVSHFWUD7KLVW\SLFDOO\RZHVWRGLIIHUHQFHVLQS+RULRQLF
VWUHQJWK EHWZHHQ VDPSOHV 7KH LQWHUVSHFWUDO GHYLDWLRQ LQ VLJQDO SRVLWLRQV
PDNHV TXDQWLILFDWLRQ PRUH GLIILFXOW +DR et al.  %\ DGGLQJ D EXIIHU
VROXWLRQWRHDFKVDPSOHWKHYDULDWLRQLQS+EHWZHHQVDPSOHVPD\EHUHGXFHG





UDWLR FDQ EH LPSURYHG E\ LQFUHDVLQJ WKH PDJQHWLF ILHOG VWUHQJWK ۰ഥ૙ RU E\
LQFUHDVLQJ WKH QXPEHU RI VFDQV %KDUWL 	 5R\  7KH IUHTXHQF\ IRU
REVHUYDWLRQ RI + 105 ZDV RQO\  0+] LQ WKH V %HFNHU 
1RZDGD\V VSHFWURPHWHUV RSHUDWLQJ DW PRUH WKDQ WHQIROG KLJKHU REVHUYDWLRQ
IUHTXHQF\DUHXVHGLQPHWDERORPLFVVWXGLHV/RXLVet al.
Suppression of unwanted resonances 
7KH ZDWHU FRQWHQW LQ SODVPD LV DERXW  ZKLFK FRUUHVSRQGV WR D ZDWHU
SURWRQFRQFHQWUDWLRQRIDERXW07KHZDWHUVLJQDOGRPLQDWHVWKHFKHPLFDO
VKLIWUHJLRQDURXQGSSP7KHVLJQDODUHDRIZDWHUZLOOEHPDQ\RUGHUVRI
PDJQLWXGH ODUJHU WKDQ WKH DUHD RI PHWDEROLWH VLJQDOV 7KH ODUJH YDULDWLRQ LQ
G\QDPLF UDQJHEHWZHHQ WKHZDWHU VLJQDO DUHDDQG WKHPHWDEROLWHVLJQDO DUHDV
FDQ LQWURGXFH HUURUV LQ PHWDEROLWH TXDQWLILFDWLRQ =KHQJ et al.  $OD
.RUSHOD  7KHUHIRUH WKH UHVRQDQFH IURP ZDWHU LV W\SLFDOO\ VXSUHVVHG




$OWKRXJK VDPSOH SUHSDUDWLRQ RI KXPDQ SODVPD W\SLFDOO\ LQFOXGHV WKH
SK\VLFDOUHPRYDORIPDFURPROHFXOHVLWVKRXOGEHQRWHGWKDWTXDQWLILFDWLRQRI
PHWDEROLWHV FDQ EH GRQH HYHQ LQ WKH SUHVHQFH RI SURWHLQV 5HVRQDQFHV IURP
SURWHLQVFDQEHVXSSUHVVHGXVLQJWKH&DUU3XUFHOO0HLERRP*LOO&30*HFKR
WUDLQDFTXLVLWLRQ +RZHYHU GLIILFXOWLHVDUHHQFRXQWHUHGGXH WR WKH LQWHUDFWLRQ
EHWZHHQLQWHUQDOVWDQGDUGDQG SURWHLQV:DOOPHLHUet al.
Processing 
3URFHVVLQJ LV W\SLFDOO\ UHTXLUHG WR HQKDQFH WKH VSHFWUDO TXDOLW\ )LUVWO\ WKH





=HUR ILOOLQJ FDQEHGRQH WR LPSURYH WKH UHVROXWLRQ %KDUWL	5R\ 
%ULHIO\VLQFHWKHDOJRULWKPIRU)RXULHUWUDQVIRUPDWLRQUHTXLUHVQGDWDSRLQWV









6HYHUDO FRPSXWHUDVVLVWHG SURJUDPV IRU EDVHOLQH FRUUHFWLRQ H[LVW 7KH\ DUH










DFFXUDWHPHWDEROLWH TXDQWLILFDWLRQ 7UHGZHOOet al.  3OHQW\ RI UHVHDUFK
KDVEHHQFRQGXFWHG WRDVVLJQH[SHULPHQWDOVLJQDOVREVHUYHGE\ +105DQG
PHWDEROLWH OLEUDULHV DUH DYDLODEOH LQ RSHQ DFFHVV DQG FRPPHUFLDOO\ DYDLODEOH
GDWDEDVHV 5DQMDQ	 6LQKD 8WLOLVLQJ WKH YDVW DPRXQW RI LQIRUPDWLRQ
DYDLODEOH LQ VXFK GDWDEDVHV DLG WKH VLJQDO DVVLJQPHQW DQG LGHQWLILFDWLRQ
SURFHVVHV 1DJDQD *RZGD 	 5DIWHU\  ,PSRUWDQWO\ YLVXDOLVDWLRQ RI
PHWDEROLWH LGHQWLILFDWLRQ DQG VLJQDO DVVLJQPHQW FDQ EH GRQH 5DWKHU WKDQ
FRPSDULQJ GDWDEDVH YDOXHVZLWK H[SHULPHQWDO YDOXHV LW LV SRVVLEOH WR GR WKH
FRPSDULVRQ YLVXDOO\ YLD VLJQDO SDWWHUQ UHFRJQLWLRQ :HOMLH et al. 7KH
FRQFHSWRIYLVXDOVLJQDOSDWWHUQUHFRJQLWLRQLVLOOXVWUDWHGLQ)LJXUH
6RPH PHWDEROLWHV DUH HDVLO\ LGHQWLILHG E\ ' + 105 ZKLOH RWKHU
PHWDEROLWHV SUHVHQW D ODUJHU FKDOOHQJH HJ PXOWLSOH KLWV PD\ EH IRXQG LQ
GDWDEDVHVHDUFKHV$GGLWLRQDOH[SHULPHQWVHJWZRGLPHQVLRQDO'105
DQG VSLNHLQ H[SHULPHQWV  DUH W\SLFDOO\ XVHG WR FRQILUP WKH LGHQWLW\ RI
PHWDEROLWHV 1DJDQD *RZGD 	 5DIWHU\  $ UHODWLYHO\ UHFHQW VWXG\
LGHQWLILHG  KXPDQ EORRG PHWDEROLWHV XVLQJ D FRPELQDWLRQ RI ' DQG '
105H[SHULPHQWV1DJDQD*RZGDet al.
Figure 5.,OOXVWUDWLRQRIYLVXDOVLJQDOSDWWHUQUHFRJQLWLRQIRUPHWDEROLWHLGHQWLILFDWLRQE\+105
7RS ,GHQWLILFDWLRQ DQG DVVLJQPHQW RI SXWDWLYH PHWDEROLWH JUHHQ LV VXSSRUWHG %RWWRP
,GHQWLILFDWLRQDQGDVVLJQPHQWRISXWDWLYHPHWDEROLWHUHGLVQRWVXSSRUWHG
0HWDEROLWHTXDQWLILFDWLRQ





+105VSHFWUXPPD\EHYLHZHGDV WKH WRWDOVXPRI LQWHQVLW\FRQWULEXWLRQV
IURP WKH LQGLYLGXDO PHWDEROLWH VLJQDOV RU WKH VLJQDO SDWWHUQ LQ WKH
H[SHULPHQWDO VSHFWUD FDQ EH YLHZHG DV D OLQHDU FRPELQDWLRQ RI LQGLYLGXDO
PHWDEROLWHVSHFWUD5DYDQEDNKVK et al.=KHQJet al. 
'HFRQYROXWLRQ RI WKH VLJQDO SDWWHUQ LQWR WKH FRQWULEXWLRQ IURP LQGLYLGXDO
PHWDEROLWHVLJQDOVPD\EHGRQHXWLOLVLQJVSHFWUDOLQIRUPDWLRQIURPD PHWDEROLWH
OLEUDU\ 4XDQWLILFDWLRQ FDQ EH GRQH PDQXDOO\ LQ WKH &KHQRP; 105 6XLWH
VRIWZDUH SDFNDJH &KHQRP; ,QF (GPRQWRQ &DQDGD ,Q WKLV DSSURDFK IRU
WDUJHWHG SURILOLQJ D VLJQDO SDWWHUQ WKDW PDWFKHV WKH H[SHULPHQWDO +105
VSHFWUXP LV EXLOW E\ D VWHSZLVH DGGLWLRQ DQG RI VSHFWUD IURP D PHWDEROLWH
OLEUDU\)RUHDFKDGGHG OLEUDU\ VSHFWUXP LWVSRVLWLRQVDQG LQWHQVLWLHVPD\EH
DGMXVWHG WR\LHOG WKHRSWLPDOPDWFK)LJXUH7KH OLQHZLGWKVRI WKH OLEUDU\
VLJQDOVDUHPDWFKHGWRWKHH[SHULPHQWDOVSHFWUDXVLQJWKHLQWHUQDOVWDQGDUGIRU
FDOLEUDWLRQ :HOMLH et al.  0DQXDO WDUJHWHG SURILOLQJ GRQH ZLWK WKLV
VRIWZDUH LV IUHTXHQWO\ HPSOR\HG LQPHWDERORPLFV VWXGLHV DQGKDV HYHQEHHQ
UHIHUUHG WR DV D QHDU JROGHQ VWDQGDUG DSSURDFK +DR et al.  0DQXDO
WDUJHWHGSURILOLQJLVYHU\WLPHFRQVXPLQJHVSHFLDOO\ZKHQHPSOR\HGRQPDQ\
H[SHULPHQWDO VSHFWUD +HQFH PDQXDO WDUJHWHG SURILOLQJ FDQ EH D PDMRU
ERWWOHQHFNLQWKHZRUNIORZLQODUJHVFDOHPHWDERORPLFVVWXGLHV
Figure 6. ,OOXVWUDWLRQRI WDUJHWHGSURILOLQJ LQ +105E\PDQXDODGMXVWPHQWRI OLEUDU\VLJQDOV
7RS1RQDGMXVWHGOLEUDU\VLJQDOUHG%RWWRP$GMXVWHGOLEUDU\VLJQDOJUHHQ




%ULHIO\ %D\HVLDQ PRGHOOLQJ XWLOLVH D ‘EHVWguess’ DSSURDFK ZLWK UHJDUGV WR
VLJQDO FKDUDFWHULVWLFV LQ WKH OLEUDU\ DQG LWHUDWLRQV DUH SHUIRUPHG XQWLO
FRQYHUJHQFHZLWK WKH H[SHULPHQWDO VLJQDO SDWWHUQ 5DYDQEDNKVKet al. 
+DRet al. =KHQJet al. 6WLOOSURFHVVLQJRI ODUJHUGDWDVHWV LVD
PDLQ REVWDFOH IRU VXFK DOJRULWKPV HVSHFLDOO\ LI WKH GDWDVHW LQFOXGHV VSHFWUD
ZLWK KLJKO\ FRPSOH[ VLJQDO SDWWHUQ 7KLV LV VLQFH WKH LQFUHDVHG FRPSOH[LW\
UHVXOWV LQ LQFUHDVHG FRPSXWDWLRQDO EXUGHQ 9DU\LQJ VLJQDO SRVLWLRQV EHWZHHQ
H[SHULPHQWDO VSHFWUD HJ FDXVHG E\ S+ DQG LRQLF VWUHQJWK GLIIHUHQFHV
EHWZHHQ VDPSOHV VSHFLILFDOO\ LQFUHDVH WKH FRPSXWDWLRQDO EXUGHQ +DRet al.
%RWKPDQXDODQGDXWRPDWHGGHFRQYROXWLRQSURFHGXUHVDUHPRUHVXLWDEOH
WR DSSO\ RQ VSHFWUD RI OHVV FRPSOH[LW\ ,Q WKLV FRQWH[W H[SHULPHQWDO VSHFWUD
IURP XULQH VDPSOHV FDQ EH PRUH SUREOHPDWLF WKDQ VSHFWUD IURP SODVPD DQG
VHUXP(PZDVet al. )LUVWO\PRUHPHWDEROLWHVFDQEHLGHQWLILHGLQXULQH




%ORRG VHUXP LV REWDLQHG ZKHQ WKH FRDJXODWLRQ SURFHVV KDV RFFXUUHG ZKLOH
EORRG SODVPD LV REWDLQHG ZKHQ LW KDV EHHQ SUHYHQWHG E\ WKH DGGLWLRQ RI DQ
DQWLFRDJXODQW  HJ HWK\OHQHGLDPLQHWHWUDDFHWLF DFLG ('7$ RU KHSDULQ
7XFN et al.  $OORZLQJ RU KLQGHULQJ WKH FRDJXODWLRQ SURFHVV KDV DQ
LPSDFW RQ WKH UHVXOWV IURP PHWDERORPLFV DQDO\VLV )RU H[DPSOH D SUHYLRXV
VWXG\UHYHDOHG WKDW VHUXPDQGSODVPDPHWDEROLWH OHYHOVDUHKLJKO\FRUUHODWHG
+LJKHU UHSURGXFLELOLW\ ZDV REVHUYHG LQ SODVPD LQ UHSHDWHG PHDVXUHPHQWV
ZKLOH EHWWHU VHQVLWLYLW\ ZDV REVHUYHG LQ VHUXP ZKHQ FRPSDULQJ JURXSV RI
LQGLYLGXDOVZLWKGLIIHUHQWSKHQRW\SHV<Xet al.)XUWKHUPRUHWKHXVHRI
GLIIHUHQW DQWLFRDJXODQWV DOVR KDV DQ LPSDFW RQ WKH UHVXOW IURPPHWDERORPLFV
DQDO\VLV *RQ]DOH]&RYDUUXELDV et al.  <LQ et al.  %DUWRQ et al.
7KH XVH RI KHSDULQ DV DQWLFRDJXODQW LV RIWHQ IDYRXUHG LQ105EDVHG
PHWDERORPLFV7KHDSSHDUDQFHRI WKHEURDGDQGZHDN105VLJQDOV IURPD
PDFURPROHFXOHVXFKDVKHSDULQPD\EHDYRLGHGHJXVLQJXOWUDILOWUDWLRQ&DVX
et al. 'D\NLQet al. 7KHSK\VLFDO UHPRYDORI WKHDQWLFRDJXODQW
SULRU WR 105 DQDO\VLV DYRLGV DGGLWLRQDO LQWHUIHUHQFHV EHWZHHQ KHSDULQ DQG
PHWDEROLWH VLJQDOV ('7$ JHQHUDWHV VHYHUDO FKDUDFWHULVWLF VLJQDOV GXH WR LWV
ELQGLQJ ZLWK GLIIHUHQW FDWLRQV HJ + &D DQG 0J 7KHVH VLJQDOV DUH
ORFDWHG ZLWKLQ FORVH SUR[LPLW\ WR VLJQDOV IURP PDQ\ KXPDQ SODVPD
PHWDEROLWHV +HQFH LQWHUIHUHQFHV EHWZHHQ ('7$ VLJQDOV DQG PHWDEROLWH







2EVHUYDWLRQDO VWXG\ GHVLJQV W\SLFDOO\ DVVHVV DVVRFLDWLRQV EHWZHHQ H[SRVXUH
DQG RXWFRPH ,Q WKH FRQWH[W RI PROHFXODU HSLGHPLRORJ\ WKH H[SRVXUH RI
LQWHUHVWLVRIELRORJLFDORULJLQHJPHWDEROLWHVDQGWKHRXWFRPHRILQWHUHVWLV
RIWHQDGLVHDVH*DUFíD&ORVDVet al.+HQGULFNVet al.7KHUHDUH
WKUHH PDLQ W\SHV RI REVHUYDWLRQDO VWXG\ GHVLJQV QDPHO\ WKH FURVVVHFWLRQDO
GHVLJQ WKH FDVHFRQWURO GHVLJQ DQG WKH FRKRUW GHVLJQ %HOEDVLV 	 %HOORX
,QWKHFURVVVHFWLRQDOVWXG\GHVLJQH[SRVXUHDQGRXWFRPHDUHPHDVXUHG
DW WKH VDPHSRLQW LQ WLPH 6HWLD  ,Q WKH FDVHFRQWURO VWXG\GHVLJQ WKH
SDUWLFLSDQWVDUHVHOHFWHGEDVHGRQDQRXWFRPH([SRVXUHVWDWXVLVWKHQDVVHVVHG
LQERWKJURXSVHLWKHUDWWKHSUHVHQWRUDWDSUHYLRXVSRLQWLQWLPH6FKXO]	
*ULPHV  ,Q D FRKRUW VWXG\ GHVLJQ LQGLYLGXDOV DUH VHOHFWHG EDVHG RQ
H[SRVXUH VWDWXV DQG IROORZHG LQ WLPH ZLWK UHJDUGV WR RXWFRPH 8VLQJ WKLV
SURVSHFWLYH GHVLJQ WKH WHPSRUDO UHODWLRQ RI FDXVH DQGRXWFRPHFDQ RIWHQ EH
HVWDEOLVKHG*ULPHV	6FKXO]7KHUHLVDODUJHSRWHQWLDOIRUSURVSHFWLYH
FRKRUW VWXGLHV LQ PROHFXODU HSLGHPLRORJ\ GXH WR ZRUOGZLGH HIIRUWV LQ
FROOHFWLQJDQGVWRULQJELRORJLFDOVSHFLPHQV9DXJKW et al.
7KH QHVWHG FDVHFRQWURO VWXG\ GHVLJQ RIIHUV D FRVW DQG WLPH HIILFLHQW
DOWHUQDWLYH WR IXOO FRKRUW VWXGLHV &DVHV DUH LGHQWLILHG ZLWKLQ D FRKRUW DQG D
OLPLWHG QXPEHU RI FRQWUROV IURP WKH VDPH FRKRUW DUH PDWFKHG WR HDFK FDVH






2EVHUYDWLRQDO VWXGLHV W\SLFDOO\ LQFOXGH D UDQGRPO\ VHOHFWHG VDPSOH IURP D
ODUJHU WDUJHW SRSXODWLRQ %DVHG RQ WKH RXWFRPH IURP WKLV VDPSOH JHQHUDO
FRQFOXVLRQV DUH GUDZQ IRU WKH WDUJHW SRSXODWLRQ 0RUVKHG et al. 
+RZHYHU REVHUYDWLRQDO VWXGLHV FDQ ERWK EH DIIHFWHG E\ ELDV WKDW UHYHDOV

DVVRFLDWLRQV WKDW DUH LQFRUUHFW LQWHUQDO YDOLGLW\ DQG ELDV WKDW DIIHFWV WKH
JHQHUDOLVDELOLW\RIUHVXOWVH[WHUQDOYDOLGLW\$OWKRXJKWKHUHDUHPDQ\GLIIHUHQW
VRXUFHV RI ELDV LQ REVHUYDWLRQDO VWXGLHV WKH\ FDQ EURDGO\ EH FDWHJRULVHG LQWR
WKUHH VXEJURXSV QDPHO\ VHOHFWLRQ ELDV LQIRUPDWLRQ ELDV DQG FRQIRXQGLQJ
'HOJDGR5RGUtJXH]	/ORUFD
6HOHFWLRQ ELDV FDQ RFFXU LI WKH VDPSOH GRHV QRW UHSUHVHQW WKH WDUJHW
SRSXODWLRQ'HOJDGR5RGUtJXH]	/ORUFD7KLVLVHVSHFLDOO\DSUREOHP
LQFDVHFRQWUROVWXGLHVZKHUHUHFUXLWPHQWFDQEHSUREOHPDWLFUHVXOWLQJLQWKH
LQFOXVLRQ RI FRQWUROV WKDW GRHV QRW UHSUHVHQW WKH SRSXODWLRQ IURP ZKLFK WKH
FDVHV RULJLQ 6XFK VHOHFWLRQ ELDV LV D VPDOOHU SUREOHP LQ QHVWHG FDVHFRQWURO
VWXGLHVVLQFHFRQWUROVDUHVHOHFWHGIURPWKHVDPHFRKRUWDVWKHFDVHV(UQVWHU
 +RZHYHU H[SRVXUH DQGRU RXWFRPH UHODWHG VHOHFWLRQ LQWR WKH FRKRUW
PLJKW VWLOO FDXVH VRPH ELDV 0XQDIy et al.  &RKRUW VWXGLHV DUH RIWHQ
SURQHWRVHOHFWLRQELDVGXHWRORVVWRIROORZXS'HOJDGR5RGUtJXH]	/ORUFD
*ULPHV	6FKXO]/RVVWRIROORZXSLVKRZHYHUDPLQRULVVXHLQ
1RUGLFFRXQWULHVGXH WR UHFRUG OLQNDJHVE\XQLTXHSHUVRQDOQXPEHUV 0DUHW
2XGDet al.
,QIRUPDWLRQ ELDV UHIHUV WR HUURUV WKDW RFFXU GXULQJ GDWD FROOHFWLRQ )RU
H[DPSOH LI WKHUH DUH GLIILFXOWLHV LQ GLVWLQJXLVKLQJ LQGLYLGXDOV EDVHG RQ
RXWFRPH DQGRU H[SRVXUH OHYHO WKHQ V\VWHPDWLF PLVFODVVLILFDWLRQ PD\ RFFXU
HJ QRQH[SRVHG DUH ZURQJIXOO\ FODVVLILHG DV H[SRVHG DQG YLFH YHUVD
'HOJDGR5RGUtJXH]	/ORUFD
&RQIRXQGLQJPD\ RFFXU LI D YDULDEOH DIIHFWV ERWK H[SRVXUH DQG RXWFRPH
ZLWKRXW EHLQJ UHODWHG WR WKH FDXVDO UHODWLRQ EHWZHHQ H[SRVXUH DQG RXWFRPH
'HOJDGR5RGUtJXH]	/ORUFD(IIRUWVWRUHGXFHRUDFFRXQWIRUELDVFDQ
EH EXLOW LQWR WKH GHVLJQ )RU H[DPSOH FRQIRXQGLQJ FDQ EH DGMXVWHG IRU LQ
VWDWLVWLFDO DQDO\VLVRU LQ WKH VDPSOH VHOHFWLRQ VWHSE\PDWFKLQJ+RZHYHU DQ
XQPHDVXUHG FRQIRXQGHU FDQQRW EH DFFRXQWHG IRU -HSVHQ et al. 
*HHQODQG
6WDWLVWLFVLQREVHUYDWLRQDOVWXGLHV
8QLYDULDWH VWDWLVWLFDO DQDO\VLV RI REVHUYDWLRQDO GDWD JHQHUDOO\ FRQVLVWV RI WZR
SDUWV QDPHO\ HVWLPDWLRQ DQG K\SRWKHVLV WHVWLQJ 7KH ILUVW SDUW LQYROYHV WKH
FDOFXODWLRQRIDSRLQWHVWLPDWHIRU WKHDVVRFLDWLRQRI LQWHUHVWDQGLWVSUHFLVLRQ
LH D FRQILGHQFH LQWHUYDO &, +\SRWKHVLV WHVWLQJ LV GRQH WR GHWHUPLQH WKH
SUREDELOLW\WRREVHUYHDQDVVRFLDWLRQRI LQWHUHVWHYHQLI LWGRHVQRWH[LVWQXOO
K\SRWKHVLV $VPHQWLRQHG LQ WKH JHQHUDO LQWURGXFWLRQ WR PHWDERORPLFV WHVW
VWDWLVWLFVLVSHUIRUPHGDQGWKHGHFLVLRQRIDFXWRIIIRUVLJQLILFDQFHGHWHUPLQHV
LI WKHQXOOK\SRWKHVLVFDQEHUHMHFWHGRUQRW0RUVKHGet al. 


7KHRGGVUDWLR 25 LVRQHH[DPSOHRIDSRLQWHVWLPDWHRI WKHDVVRFLDWLRQ
EHWZHHQ H[SRVXUH DQG RXWFRPH ZKLFK LV FRPPRQO\ XVHG LQ FDVHFRQWURO
VWXGLHV 7KHUH DUH IRXU SRVVLEOH JURXSLQJV RI LQGLYLGXDOV QDPHO\ H[SRVHG
FDVHV WUXH SRVLWLYH 73 XQH[SRVHG FDVHV IDOVH SRVLWLYH )3 H[SRVHG
FRQWUROVIDOVHQHJDWLYH)1DQGXQH[SRVHGFRQWUROVWUXHQHJDWLYH717KH
25LVWKHUDWLREHWZHHQ73u71DQG)3u)1+HQFHDQ25!LQGLFDWHV
D SRVLWLYH DVVRFLDWLRQ ZKLOH DQ 25  LQGLFDWHV DQ LQYHUVH DVVRFLDWLRQ
%URDGKXUVW	.HOO%UHVORZ	'D\/RJLVWLFUHJUHVVLRQFDQEH
XVHG WR FDOFXODWH WKH25 IRU D ELQDU\ RXWFRPH WR LQYHVWLJDWH LWV DVVRFLDWLRQ
ZLWKPHWDEROLWH OHYHO 0RUVKHGet al.%HZLFNet al. ,I VXFKDQ
DVVRFLDWLRQ H[LVW WKHQ WKH SUREDELOLW\ RI D JLYHQ RXWFRPH VKRXOG YDU\ ZLWK
PHWDEROLWH OHYHO )RU H[DPSOH WKH SUREDELOLW\ RI D JLYHQ RXWFRPH p PD\
LQFUHDVHZLWKDQHOHYDWLRQLQPHWDEROLWHOHYHOxRUYLFHYHUVD+RZHYHUWKLV





DUH XVXDOO\ GHULYHG E\ PD[LPXP OLNHOLKRRG HVWLPDWLRQ ,WHUDWLYH WHFKQLTXHV
SHUIRUPHG XVLQJ FRPSXWHUDVVLVWHG SDFNDJHV FDQ EH UHTXLUHG %HZLFN et al.

5LVNELRPDUNHUVIRUW\SHGLDEHWHV
,Q  DERXW  PLOOLRQ SHRSOH VXIIHUHG IURP GLDEHWHV ZRUOGZLGH DQG
LQFLGHQFHVDUHH[SHFWHGWRLQFUHDVHHYHQPRUHLQWKHIXWXUH,')D7'
LV FKDUDFWHULVHG E\ LQVXOLQ UHVLVWDQFH D PHWDEROLF FRQGLWLRQ ZKHUH WKH
SURGXFWLRQRILQVXOLQILUVWLQFUHDVHVLQRUGHUWRWKHORZHUEORRGJOXFRVHOHYHO
EXW LQ WLPH WKHSURGXFWLRQEHFRPHVLQVXIILFLHQWZKLFKUHVXOWVLQDQHOHYDWHG
EORRG JOXFRVH OHYHO (OHYDWHG EORRG JOXFRVH OHYHOV DUH FXUUHQWO\ XVHG WR
GLDJQRVH7'DQGSUHGLDEHWLF VWDWHV VXFK DV LPSDLUHG IDVWLQJJOXFRVH ,)*
DQGLPSDLUHGJOXFRVHWROHUDQFH,*7,')E7KLVLVGRQHXVLQJDQRUDO
JOXFRVH WROHUDQFH WHVW 2*77ZKHUH JOXFRVH LV DGPLQLVWHUHG RUDOO\ DQG WKH
EORRGOHYHOVPHDVXUHGSUHDQGSRVWLQJHVWLRQ7KH:RUOG+HDOWK2UJDQL]DWLRQ
:+2 SURYLGHV ZLWK UHFRPPHQGHG FXWRII YDOXHV WR GLIIHUHQWLDWH EHWZHHQ
QRUPDO JOXFRVH WROHUDQFH 1*7 JOXFRVH LQWROHUDQFH ,)* ,*7 DQG 7'
:+2:+2
6HYHUDOQHVWHGFDVHFRQWUROVWXGLHVKDYHEHHQFRQGXFWHGWRLGHQWLI\SODVPD
RU VHUXP PHWDEROLWHV DVVRFLDWHG ZLWK ULVN RI 7' 6KL et al.  5XL]








SURVWDWH FDQFHU %UD\et al. 3URVWDWH FDQFHU W\SLFDOO\GHYHORSVRYHU D




2QHRI WKHDVVRFLDWLRQVZLWKVWURQJHVWHYLGHQFH LQ WKH VFLHQWLILF OLWHUDWXUH LV
EHWZHHQ REHVLW\ DQG ULVN RI DGYDQFHG VWDJH SURVWDWH FDQFHU $Q DVVRFLDWLRQ
EHWZHHQ KLJK FRQVXPSWLRQ RI GDLU\ SURGXFWV DQG HOHYDWHG ULVN RI SURVWDWH
FDQFHU KDV EHHQ VXJJHVWHG EXWZLWK OLPLWHG HYLGHQFH :&5)$,&5 
0HWDDQDO\VLV RI REVHUYDWLRQDO VWXGLHV VXJJHVWV WKDW WKHUH LV DQ DVVRFLDWLRQ
EHWZHHQ 7' DQG UHGXFHG ULVN RI SURVWDWH FDQFHU %DQVDO et al. 
)XUWKHUPRUH LQVXOLQOLNH JURZWK IDFWRU, ,*), LV FRQVLGHUHG D PRGLILDEOH
ULVN IDFWRU IRU SURVWDWH FDQFHU :&5)$,&5  7UDYLV et al. 





SDWLHQWV DQG KHDOWK\ LQGLYLGXDOV .HOO\ et al.  7KLV LQFOXGHV GLIIHUHQW






LQGLYLGXDOV 0:$6 DLPV WR LGHQWLI\ PHWDEROLWHV DVVRFLDWHG ZLWK ULVN RI
GHYHORSLQJ WKHGLVHDVH LQ WKHIXWXUH6HYHUDOQHVWHGFDVHFRQWUROVWXGLHVKDYH
EHHQFRQGXFWHGWRLGHQWLI\SODVPDRUVHUXPPHWDEROLWHVDVVRFLDWHGZLWKULVNRI






al.  )XUWKHUPRUH ORZHU OHYHOV RI VHYHUDO JO\FHURSKRVSKROLSLGV
DVVRFLDWHG ZLWK HOHYDWHG ULVN RI DGYDQFHG VWDJH SURVWDWH FDQFHU LQ D VWXG\
QHVWHGZLWKLQ(3,&PXOWLFHQWHU 6FKPLGWet al.
6DPSOH VL]H IDVWLQJ VWDWXV DQG IROORZXS WLPH  LH WKH WLPH EHWZHHQ
VDPSOH FROOHFWLRQ EDVHOLQH DQG GLDJQRVLV ZLWK SURVWDWH FDQFHU  DUH VRPH
LPSRUWDQW IDFWRUV WR FRQVLGHU LQ 0:$6 )LUVWO\ WKH VDPSOH VL]H VKRXOG EH
ODUJHHQRXJKVRWKHVWDWLVWLFDOSRZHULHWKHSUREDELOLW\WKDWWKHVWDWLVWLFDOWHVW
\LHOGV VLJQLILFDQW UHVXOWV LV DGHTXDWH +RXOH et al.  6HFRQGO\ LW KDV
EHHQ VKRZQ WKDW QRQIDVWLQJ VDPSOHV GLVSOD\ OHVVHU WHPSRUDO VWDELOLW\ WKDQ
IDVWLQJ VDPSOHV 6WDELOLW\ RYHU WLPH LV HVVHQWLDO ZKHQ XVLQJ D VLQJOH
PHDVXUHPHQW WR DVVHVV DVVRFLDWLRQ EHWZHHQ PHWDEROLWHV DQG GLVHDVH ULVN
+HQFHWKHXVHRIIDVWLQJVDPSOHVLVIDYRUHGLQ0:$6&DUDOR\et al.
7KLUGO\ WKH QHVWHG FDVHFRQWURO VWXG\ GHVLJQ FDQ EH XVHG WR HQVXUH WKDW WKH
H[SRVXUH KHUHPHWDEROLWH GDWD LV FROOHFWHG SULRU WR WKH RXWFRPH RI GLVHDVH
UDWKHUWKDQDWWKHSUHVHQFHRIGLVHDVH7KHUHIRUHLWLVDXVHIXOVWXG\GHVLJQLQ







ODUJH VDPSOH VL]H  HQWLUHO\ IDVWLQJ VDPSOHV DQG  D ORQJ IROORZXS !
\HDUV )XUWKHUPRUH QRQH RI WKH SUHYLRXV VWXGLHV KDYH UHSRUWHG ZKHWKHU
DVVRFLDWLRQEHWZHHQPHWDEROLWHVDQGSURVWDWHFDQFHUULVNYDU\ZLWKEDVHOLQHDJH
6FKPLGWet al. +XDQJet al. .KQet al. 0RQGXOet al.
 0RQGXO et al.  6WLOO WKLV PD\ EH KLJKO\ UHOHYDQW VLQFH WKH





VLPSOLVWLF DQG HDV\ WR XQGHUVWDQG SULQFLSOHV RQ KRZ WR DFFRXQW IRU VLJQDO
LQWHUIHUHQFHVRQO\UHTXLUHPLQRUFRPSXWDWLRQDOHIIRUWVDQGDFFRXQWIRU
LQWHUVSHFWUDOGHYLDWLRQVLQVLJQDOSRVLWLRQVDQGOLQHZLGWKVZKHQVXFKH[LVW,Q
UHVSRQVH WR WKLV DQ $XWRPDWHG 4XDQWLILFDWLRQ $OJRULWKP $4X$ ZDV
GHYHORSHGIRUTXDQWLILFDWLRQRIKXPDQSODVPDPHWDEROLWHVLQVDPSOHVFROOHFWHG
XVLQJ KHSDULQ DQG ('7$ DV DQWLFRDJXODQW UHVSHFWLYHO\ SDSHUV , DQG ,,
7DUJHWHGPHWDERORPLFVZDVDOVRHPSOR\HGLQFDVHFRQWUROVWXG\QHVWHG ZLWKLQ
WKH 16+'& ZLWK WKH DLP RI LGHQWLI\LQJ ULVN ELRPDUNHUV RI SURVWDWH FDQFHU
SDSHU,,,
¾ 3DSHU,'HVLJQRIDQ$4X$IRFXVHGRQWRDQGLWVDSSOLFDWLRQRQ
105 VSHFWUD IURP SODVPD VDPSOHV FROOHFWHG XVLQJ KHSDULQ DV
DQWLFRDJXODQW
¾ 3DSHU ,, 0RGLILFDWLRQ RI WKH $4X$ ZLWK IRFXV RQ  DQG LWV
DSSOLFDWLRQ RQ 105 VSHFWUD IURP SODVPD VDPSOHV FROOHFWHG XVLQJ
('7$DVDQWLFRDJXODQW
¾ 3DSHU ,,, ,GHQWLILFDWLRQ RI ULVN ELRPDUNHUV IRU SURVWDWH FDQFHU LQ WKH





,Q SDSHU , DQ $XWRPDWHG 4XDQWLILFDWLRQ $OJRULWKP $4X$ ZDV GHVLJQHG
LPSOHPHQWHG DQG HYDOXDWHG DV WKH ILQDO VWHS LQ WKH WDUJHWHG 105EDVHG
ZRUNIORZ $ SULQFLSOH IRU WDUJHWHG SURILOLQJ ZDV LQWURGXFHG IRU PDQXDO
TXDQWLILFDWLRQ RI VHOHFWHG FRPSRXQGV E\ +105 7KH JHQHUDO SULQFLSOH RI
$4X$ZDV GHVLJQHG XVLQJ WKH PDQXDO SULQFLSOH IRU WDUJHWHG SURILOLQJ DV D
VWDUWLQJ SRLQW $4X$ ZDV LPSOHPHQWHG IRU TXDQWLILFDWLRQ RI KXPDQ SODVPD
VDPSOHV FROOHFWHG XVLQJ KHSDULQ DV DQWLFRDJXODQW $4X$ ZDV HYDOXDWHG E\




7KH SULQFLSOH IRU WDUJHWHG SURILOLQJ GHVLJQHG IRU PDQXDO TXDQWLILFDWLRQ RI
WDUJHW FRPSRXQGV E\ + 105 DFFRXQWV IRU VLJQDO LQWHUIHUHQFHV LQ
H[SHULPHQWDO VSHFWUD YLD GHFRQYROXWLRQ XVLQJ D FRPSRXQG OLEUDU\ 7KH
SULQFLSOHLV LOOXVWUDWHGEHORZIRUILYHSXWDWLYHFRPSRXQGV
2QH VLJQDO LQ WKH OLEUDU\ LH UHSRUWHU VLJQDO LV VHOHFWHG IRU WKH
TXDQWLILFDWLRQRIHDFK FRPSRXQG,QWKLVH[DPSOHWKHVLJQDO DWWDUJHWSRVLWLRQ
į1 LVVHOHFWHGDVUHSRUWHUIRUFRPSRXQG1 į2IRUFRPSRXQG2 į3IRUFRPSRXQG
3 į4 IRUFRPSRXQG 4DQGį5IRUFRPSRXQG 5 )LJXUH$$QLQWHJUDWLRQRUGHU
LV DOVRGHWHUPLQHG,QWKHFXUUHQWH[DPSOHWKHLQWHJUDWLRQRUGHU54321LVVHW
)LJXUH$7DUJHWHGSURILOLQJLVWKHQDSSOLHGRQHDFKH[SHULPHQWDOVSHFWUXP
E\ DGMXVWLQJ WKH KHLJKW RI HDFK UHSRUWHU VLJQDOV LQ WKH SUHGHWHUPLQHG
LQWHJUDWLRQ RUGHU VR WKH VXP RI OLEUDU\ VLJQDOV LH WKH UHSRUWHU VLJQDOV DQG
VLJQDOV IURP LQWHUIHULQJ FRPSRXQGV PDWFK ZLWK WKH FRUUHVSRQGLQJ




DFFRXQWHG IRU)RUH[DPSOH WKH UHSRUWHU VLJQDO IRUFRPSRXQG5 LV LQWHJUDWHG
SULRU WR WKH UHSRUWHU VLJQDO IRU FRPSRXQG 3 7KLV LV VLQFH D QRQUHSRUWHU
VLJQDO IURP FRPSRXQG5 LQWHUIHUHVZLWK WKH UHSRUWHU VLJQDO IRU FRPSRXQG 3
$GMXVWPHQWRIOLEUDU\VLJQDOSRVLWLRQVFDQEHGRQHLI QHFHVVDU\
7KLV PDQXDO SULQFLSOH IRU WDUJHWHG SURILOLQJ FDQ EH DSSOLHG RQ GLIIHUHQW
H[SHULPHQWDO VSHFWUD WR \LHOG FRQFHQWUDWLRQV RI WKH WDUJHW FRPSRXQGV LQ
GLIIHUHQWVDPSOHV
Figure 7. ,OOXVWUDWLRQ RI WKH SULQFLSOH IRU PDQXDO WDUJHWHG SURILOLQJ $ 6HOHFWLRQ RI UHSRUWHU





7KH JHQHUDO SULQFLSOH RI $4X$ LV LOOXVWUDWHG EHORZ DJDLQ IRU ILYH SXWDWLYH
FRPSRXQGV 7KH ILUVW VWHS LQ WKH GHVLJQ RI $4X$ LV WR VHOHFW RQH UHSRUWHU




WKH LQWHQVLWLHV DW DOO WDUJHW SRVLWLRQV į1 į2 į3, į4 DQG į5 )LJXUH $ 7KH
H[WUDFWHG YDOXHV IRU HDFK FRPSRXQG DUH DUUDQJHG DV FROXPQV LQ D  u 
ܕനPDWUL[)LJXUH%

Figure 8 ,OOXVWUDWLRQ RI JHQHUDWLQJ WKHܕനPDWUL[ $1RUPDOLVDWLRQ DQG GDWD UHGXFWLRQ RI WKH




VWHS WKHKHLJKWDW WKHFRUUHVSRQGLQJ WDUJHWSRVLWLRQVį1 į2 į3, į4 DQG į5 LH
WKHKHLJKWRIDOO WDUJHW VLJQDOV DUHH[WUDFWHG IURP WKHH[SHULPHQWDO VSHFWUXP
DQG RUJDQLVHGLQWRDuܡതYHFWRU7KHܕനPDWUL[DQGWKHܡതYHFWRUDUHXVHG
DVLQSXWLQWKH$4X$FRPSXWDWLRQ(T$WRJHQHUDWHDuܠതYHFWRU7KLV
YHFWRU FRUUHVSRQGV WR WKH VDPH UHSRUWHU VLJQDOV DV WKRVH REWDLQHG YLD WKH
PDQXDOWDUJHWHGSURILOLQJ)LJXUH%




7KH $4X$ FRPSXWDWLRQ (T $ FDQ DOVR EH H[SUHVVHG DV LQ (T % 7KH
KHLJKWRIHDFK WDUJHW VLJQDO yi DWįi LVPRGHOOHGDV WKH VXPRIFRQWULEXWLRQV
IURPWKHUHSRUWHUVLJQDOxiDWįiDQGinterfering compounds (0). Each 
LQGLYLGXDO FRQWULEXWLRQ LV H[SUHVVHG DV D SURGXFW RI DPDWUL[ HOHPHQW DQG D
UHSRUWHUVLJQDOm u x(T$OWKRXJKRQO\WKHUHSRUWHUVLJQDOVDUHJHQHUDWHG
LQ FRPSXWDWLRQ WKH LQGLYLGXDO FRQWULEXWLRQ IURP HDFK LQWHUIHULQJ FRPSRXQG
(0) may also be derived. For example, the individual contribution from 
FRPSRXQG5WRWKHWDUJHWVLJQDOKHLJKWXVHGIRUTXDQWLILFDWLRQRIFRPSRXQG4
LV m4,5 u x5 1RWH WKDW m4,5 UHIHUV WR WKH QRUPDOLVHG LQWHUIHUHQFH IURP
FRPSRXQG5 DWSRVLWLRQį4 VHH)LJXUH
ݕଵ ൌ ݉ଵǡଵ ή ݔଵ ൅݉ଵǡଶ ή ݔଶ ൅ ݉ଵǡଷ ή ݔଷ ൅ ݉ଵǡସ ή ݔସ ൅ ݉ଵǡହ ή ݔଵ
ݕଶ ൌ ݉ଶǡଵ ή ݔଵ ൅݉ଶǡଶ ή ݔଶ ൅ ݉ଶǡଷ ή ݔଷ ൅݉ଶǡସ ή ݔସ ൅ ݉ଶǡହ ή ݔଶ
ݕଷ ൌ ݉ଷǡଵ ή ݔଵ ൅݉ଷǡଶ ή ݔଶ ൅ ݉ଷǡଷ ή ݔଷ ൅݉ଷǡସ ή ݔସ ൅ ݉ଷǡହ ή ݔଷ (T%
ݕସ ൌ ݉ସǡଵ ή ݔଵ ൅݉ସǡଶ ή ݔଶ ൅݉ସǡଷ ή ݔଷ ൅ ݉ସǡସ ή ݔସ ൅ ݉ସǡହ ή ݔସ
ݕହ ൌ ݉ହǡଵ ή ݔଵ ൅݉ହǡଶ ή ݔଶ ൅ ݉ହǡଷ ή ݔଷ ൅݉ହǡସ ή ݔସ ൅ ݉ହǡହ ή ݔହ




'௜ ൌ ௬೔ି௫೔௬೔ (T
$4X$FDQEHGHVLJQHG IRUTXDQWLILFDWLRQRIDQ\QXPEHURIFRPSRXQGV7KH
DGGLWLRQRIRQHFRPSRXQGUHVXOWVLQDRQHXQLWLQFUHDVHLQWKHGLPHQVLRQRIWKH
OLQHDU HTXDWLRQ V\VWHP (T  7KH FRPSXWDWLRQ PD\ DOVR EH DSSOLHG IRU
GLIIHUHQW ܡത YHFWRUV WR JHQHUDWH FRUUHVSRQGLQJ ܠത YHFWRUV  LH TXDQWLI\LQJ
FRPSRXQGV LQ GLIIHUHQW VDPSOHV )RU HDFK H[SHULPHQWDO VSHFWUXP n ZLWK
YHFWRU ܡതܖ WKH $4X$ FRPSXWDWLRQ \LHOGV WKH FRUUHVSRQGLQJ VHW RI UHSRUWHU
VLJQDOVYHFWRUܠതܖZKLFKUHSUHVHQWVWKHTXDQWLWDWLYHPL[WXUHRIFRPSRXQGVLQ
VDPSOHn (T
ܡതܖ ൌ ܕനuܠതܖ (T











XOWUDILOWUDWLRQ 7L]LDQLet al. $ VROXWLRQZLWKGHXWHUDWHG763 LQWHUQDO
VWDQGDUGSKRVSKDWHEXIIHUDQG+2'2ZDVPL[HGZLWKHDFKSODVPDILOWUDWH
LQWKHUDWLRRI7KHLQWHUQDOVWDQGDUGZDVDGGHGWRHDFKVDPSOHWRDOORZ
IRU TXDQWLILFDWLRQ ZKLOH WKH EXIIHU ZDV DGGHG WR UHGXFH S+ GLIIHUHQFHV
EHWZHHQ VDPSOHV %KDUWL 	 5R\  $Q H[SHULPHQWDO VSHFWUXP ZDV
REWDLQHGIRUHDFK105VDPSOHRQDVSHFWURPHWHURSHUDWLQJDW0+]XVLQJ
D ' + 105 H[SHULPHQW  VFDQV WKDW VXSSUHVVHG WKH ZDWHU UHVRQDQFH
+ZDQJ	6KDND3URFHVVLQJ–HJSKDVHFRUUHFWLRQDQGDSSOLFDWLRQRI
DQH[SRQHQWLDOZLQGRZIXQFWLRQ–ZDVGRQHPDQXDOO\ WRDOORZTXDQWLILFDWLRQ
E\ VLJQDO KHLJKWV +D\V 	 7KRPSVRQ  7KLV ZRUNIORZ JHQHUDWHG D
GDWDVHW FRQVLVWLQJ RI  H[SHULPHQWDO VSHFWUD 7KLV GDWDVHW LV KHUHDIWHU
UHIHUUHGWRDV'DWDVHW+HSDULQ
0HWDEROLWH LGHQWLILFDWLRQ DQG DVVLJQPHQW RI H[SHULPHQWDO105VLJQDOV LQ
'DWDVHW+HSDULQZDVGRQHXVLQJVLJQDOSDWWHUQ UHFRJQLWLRQ7KLV UHVXOWHG LQD
VHW RI FRPSRXQGV  LH KXPDQ SODVPD PHWDEROLWHV  WDUJHWHG IRU
TXDQWLILFDWLRQZLWKPDQXDO WDUJHWHGSURILOLQJDQGZLWK$4X$7KHSURFHGXUH
IRU PDQXDO WDUJHWHG SURILOLQJ ZDV LPSOHPHQWHG LQ &KHQRP; 105 6XLWH
YHUVLRQ &KHQRP; ,QF$4X$ (T ZDV LPSOHPHQWHG LQ0$7/$%
YHUVLRQ 5E0DWK:RUNV ,QF 7DEOH  FRPSLOHV DQ H[SODQDWLRQ RI WKH
YDOXHVZKLFKZHUHXVHGDQGJHQHUDWHGLQ$4X$FRPSXWDWLRQV$PDMRULW\RI
WKHVHYDOXHVKDYHDOUHDG\EHHQLQWURGXFHGLQWKHPHWKRGVHFWLRQDERYHEXWWKH
WDEOH SURYLGHV ZLWK DQ RYHUYLHZ $IWHU HPSOR\LQJ ERWK SURFHGXUHV WZR
concentration estimates (ȝM) were generated for each metabolite i LQ HDFK
VDPSOH n )LQDO SODVPD FRQFHQWUDWLRQV ZHUH GHULYHG E\ DFFRXQWLQJ IRU WKH
GLOXWLRQGXULQJVDPSOHSUHSDUDWLRQ 

7DEOH Explanation of important values in AQuA a, b, c
Name Explanation
9HFWRUHOHPHQWVGHWHUPLQHGLQHDFKH[SHULPHQWDOVSHFWUXPn
7DUJHWVLJQDOyi 7KHVLJQDOXVHGIRUTXDQWLI\LQJFRPSRXQGi VXPRILQWHQVLW\FRQWULEXWLRQVIURPUHSRUWHUi and interfering compounds  i
7DUJHWSRVLWLRQįi 7KHFRUUHVSRQGLQJSRVLWLRQRIWDUJHWVLJQDOi
9HFWRUHOHPHQWVJHQHUDWHGLQHDFK$4X$FRPSXWDWLRQn
5HSRUWHUVLJQDOxi 7KH LQWHUIHUHQFHIUHHVLJQDOKHLJKWRIFRPSRXQGi DWWDUJHWSRVLWLRQi




&ROXPQm , j 1RUPDOLVHGLQWHQVLWLHVRIFRPSRXQGj DWDOOWDUJHWSRVLWLRQV
(OHPHQW mi, j 1RUPDOLVHGLQWHQVLW\RIFRPSRXQGj DWWDUJHWSRVLWLRQi
'LDJRQDO 1RUPDOLVHGLQWHQVLW\RIWKHUHSRUWHUDWLWVWDUJHWSRVLWLRQi  j m  











Mean relative deviation and goodness-of-fit
7KH DFFXUDF\RI$4X$ZDV HYDOXDWHG DJDLQVWPDQXDO WDUJHWHGSURILOLQJ LQ D
VXEVHWRIUDQGRPO\VHOHFWHGVSHFWUDIURP'DWDVHW+HSDULQ$IWHUHPSOR\LQJ
both procedures, two concentration estimates (ȝM) were generaWHG IRU HDFK
PHWDEROLWH i LQ HDFK VDPSOH n Ci,n ZKHUH WKH VXSHUVFULSW LQGLFDWHV WKH
TXDQWLWDWLYHSURFHGXUHXVHGQDPHO\auto IRU$4X$DQGmanual IRU WDUJHWHG
SURILOLQJ 7KH PHDQ UHODWLYH GHYLDWLRQ MRD ZDV FDOFXODWHG IRU HDFK
UHVSHFWLYH PHWDEROLWH XVLQJ WKH FRQFHQWUDWLRQV JHQHUDWHG E\ ERWK SURFHGXUHV
(T1 





DOVRXVHG LQ OLQHDU UHJUHVVLRQDQDO\VLV WRFRPSXWH WKHJRRGQHVVRIILW r2 IRU
HDFKPHWDEROLWH
Quality indicators 
7KH HYDOXDWLRQ DOVR LQFOXGHG WKH FRPSXWDWLRQ RI WKUHH TXDOLW\ LQGLFDWRUV IRU




WR EH DERYH WKH OLPLW RI GHWHFWLRQ /2' LQ D JLYHQ GDWDVHW 7KH positional 
deviation ZDVGHILQHGDVWKHGLVWDQFHrELQVZKHUHELQ SSPIURP
WKHPHGLDQWDUJHWSRVLWLRQWKDWDFFRXQWHGIRURIWDUJHWVLJQDOVLQDJLYHQ
GDWDVHW 7KHFq YDOXH IRU D JLYHQ PHWDEROLWH ZDV GHILQHG DV WKH IUDFWLRQ RI
VSHFWUDZKHUHWKHLQWHUIHUHQFH(TH[FHHGHGWKHSUHGHWHUPLQHGYDOXHq Fq
ZDV FRPSXWHGIRUq DQGq 


7DEOH Explanation of quality indicators a 




















'LVWULEXWLRQ ' ! q IRU q   DQGq  
&XWRII )UDFWLRQRIVSHFWUDZKHUH'H[FHHGVDSUHGHWHUPLQHGYDOXHq







Comparison with targeted profiling 
$4X$DQG DPDQXDOSURFHGXUHIRUWDUJHWHGSURILOLQJZDVHPSOR\HGRQDVXEVHW
RIH[SHULPHQWDOVSHFWUDLQ'DWDVHW+HSDULQRXWRI7KHMRDDQGr2
GHULYHG IRU HDFK UHVSHFWLYH PHWDEROLWH ZDV XVHG DV D PHDVXUH RI WKH




FRPSDULVRQ ZLWK PDQXDO WDUJHWHG SURILOLQJ 7KH ODWWHU SURFHGXUH ZDV
SHUIRUPHGXVLQJDVRIWZDUHSDFNDJHGHGLFDWHGWRPHWDEROLWHLGHQWLILFDWLRQDQG
TXDQWLILFDWLRQ ZKLFK KDV EHHQ JHQHUDOO\ DSSURYHG E\ WKH PHWDERORPLFV
FRPPXQLW\+DRet al.:HOMLHet al.
Quality indicators 
$OWKRXJK WKH UHVXOWV IURP $4X$ VKRZHG H[FHOOHQW DJUHHPHQW ZLWK UHVXOWV
IURP D PDQXDO SURFHGXUH IRU WDUJHWHG SURILOLQJ HYDOXDWLRQ E\ VXFK D
FRPSDULVRQZDVVRPHZKDW OLPLWHGVLQFH WKHPDQXDOSURFHGXUHZDV WRR WLPH
FRQVXPLQJ WR HPSOR\ RQ WKH HQWLUH GDWDVHW 0DQXDO WDUJHWHG SURILOLQJ ZDV
WKHUHIRUH RQO\ HPSOR\HG RQ D VXEVHW RI H[SHULPHQWDO VSHFWUD LQ 'DWDVHW
+HSDULQ,QVWHDGDQDOWHUQDWLYHDSSURDFKIRUHYDOXDWLQJ$4X$ZDVSUHVHQWHG
7KLV HYDOXDWLRQ LQFOXGHG WKH FRPSXWDWLRQ RI WKUHH TXDOLW\ LQGLFDWRUV  LH
occurrence positional deviation DQG Fq YDOXHV)LJXUH
0RVW PHWDEROLWHV GLVSOD\HG DQ occurrence 90% in the subset. The few 
PHWDEROLWHVZLWK ORZoccurrence W\SLFDOO\GLVSOD\HGSRRUr2DQGMRDZKLOH
PHWDEROLWHVZLWKKLJKoccurrenceW\SLFDOO\GLVSOD\HGr2 0.99 and MRDZLWKLQ
r+HQFHHYDOXDWLRQRI$4X$E\FRPSDULVRQZLWKDPDQXDOSURFHGXUHIRU
WDUJHWHGSURILOLQJ\LHOGHGVLPLODU LQIRUPDWLRQDV LQYHVWLJDWLQJ WKHGLVWULEXWLRQ
RIoccurrences LQ WKH VXEVHW )XUWKHUPRUH WKHGLVWULEXWLRQRIoccurrences LQ
WKH VXEVHW ZDV UHSUHVHQWDWLYH RI WKH occurrence GLVWULEXWLRQ LQ WKH HQWLUH
GDWDVHW7KLV VKRZV WKDWPHWDEROLWHVZLWK ORZoccurrencePD\EHGLIILFXOW WR




Figure 11.(YDOXDWLRQRI$4X$LQWKHVXEVHW1 DQGLQ'DWDVHW+HSDULQ1 MRD
DQG r2 YDOXHV GHULYHG E\ FRPSDULVRQ RI $4X$ DQG WDUJHWHG SURILOLQJ 4XDOLW\ LQGLFDWRUV
occurrence positional deviation DQG Fq YDOXHVFRPSXWHGIURPYDOXHVJHQHUDWHGE\$4X$

0RVWPHWDEROLWHVGLVSOD\HGOLPLWHGpositional deviationZLWKLQrELQVRU
r SSP LQ WKH VXEVHW 1RWH WKDW PHWDEROLWHV ZLWK ORZ occurrence
GLVSOD\HGVRPHpositional deviation LHQRLVHGHWHFWLRQUHVXOWHGLQpositional
deviation )HZ PHWDEROLWHV ZLWK KLJK occurrence GLVSOD\HG positional
deviation HJ KLVWLGLQH DQG SKHQ\ODODQLQH ,QWHUVSHFWUDO SRVLWLRQDO
GHYLDWLRQV RI + 105 VLJQDOV RIWHQ RZHV WR YDULDWLRQ LQ S+ DQGRU LRQLF
VWUHQJWK EHWZHHQ VDPSOHV %XW VXFK YDULDWLRQV DUH OLPLWHG LQ VSHFWUD IURP
SODVPD FRPSDUHG WRPRUH FRPSOH[ VSHFWUD HJ IURP XULQH (PZDV et al.
%RXDWUDet al.5LVWet al.
0DQ\PHWDEROLWHVGLVSOD\HGD ORZF0.05 RU LQWHUPHGLDWH F0.05!DQG
F0.50 0.5) GHJUHH RI LQWHUIHUHQFH LQ WKH VXEVHW 2QO\ D OLPLWHG QXPEHU RI
PHWDEROLWHV HJ EHWDLQH JOXWDPLF DFLG VXFFLQLF DFLG DQG WULPHWK\ODPLQH1
R[LGH GLVSOD\HG D KLJK GHJUHH RI LQWHUIHUHQFH F0.50 ! 0RVW RI WKHVH
PHWDEROLWHV GLVSOD\HG UHODWLYHO\ ORZ r2 YDOXHV FRQVLGHULQJ WKH HQWLUH
GLVWULEXWLRQ +HQFH PHWDEROLWHV ZLWK KLJK GHJUHH RI LQWHUIHUHQFH PD\ EH
VRPHZKDWPRUHGLIILFXOWWRTXDQWLI\ZLWK$4X$FRPSDUHGWRPHWDEROLWHVZLWK
ORZ RU LQWHUPHGLDWH GHJUHH RI LQWHUIHUHQFH 7KH VRXUFHV RI LQWHUIHUHQFH DUH
OLVWHGLQ7DEOHIRUPHWDEROLWHVZLWKF0.05 !DQG!occurrence
$4X$ (T  XWLOLVHG RQH PDWUL[ IRU DOO FRPSXWDWLRQV 'XH WR WKLV WKH
H[SHULPHQWDO VLJQDO SRVLWLRQV DQG OLQH ZLGWKV ZHUH DVVXPHG WR KDYH DQG




IRU DGMXVWPHQW RI OLEUDU\ SRVLWLRQV0HWDEROLWHV ZLWK GLPLQLVKHG TXDQWLWDWLYH
DFFXUDF\ GXH WR WKH DVVXPSWLRQ LQ $4X$ UHJDUGLQJ H[SHULPHQWDO VLJQDO
SRVLWLRQVVKRXOGWKXVEHGLVWLQJXLVKHGLQWKHHYDOXDWLRQYLDDKLJKHUMRD
DQGRUD ORZHUr2 DVZHOO DV  LQWHUPHGLDWH RUKLJKGHJUHHRI LQWHUIHUHQFH
DQG  positional deviation <HW VXFK PHWDEROLWHV ZHUH UDUHO\ LGHQWLILHG ,W
ZDVSRVVLEOHWRLGHQWLI\PHWDEROLWHVZLWKr2!DQGMRDZLWKLQrWKDW
GLVSOD\HG  positional deviation EXW ORZ GHJUHH RI LQWHUIHUHQFH 
LQWHUPHGLDWH GHJUHH RI LQWHUIHUHQFH EXW OLPLWHG positional deviation DQG 
OLPLWHGpositional deviation DQG ORZGHJUHHRILQWHUIHUHQFH7KLVGHPRQVWUDWHV
WKDW $4X$ FRXOG DFFXUDWHO\ TXDQWLI\ PHWDEROLWHV WKDW EHORQJ WR RQH RI WKH
JURXSVWR7KHGLVWULEXWLRQVRIWKHTXDOLW\LQGLFDWRUVLQWKHVXEVHWZHUH
KLJKO\ VLPLODU WR WKH GLVWULEXWLRQV LQ WKH HQWLUH GDWDVHW 'DWDVHW +HSDULQ
)LJXUH7KLV LPSOLHV WKDW WKH OHYHORIDFFXUDF\ LVKLJKO\VLPLODUEHWZHHQ
WKH HQWLUH GDWDVHW DQG WKH VXEVHW LH FRPSDUDEOH ZLWK PDQXDO WDUJHWHG
SURILOLQJ +HQFH YLD D VXLWDEOH VHOHFWLRQ RI WDUJHWUHSRUWHU VLJQDOV HUURU LQ
$4X$FRPSXWDWLRQVPD\EHDYRLGHG7KHHYDOXDWLRQLQSDSHU,VKRZWKDWWKLV

LV SRVVLEOH LQ H[SHULPHQWDO VSHFWUD IURP SODVPD FROOHFWHG XVLQJ KHSDULQ DV
DQWLFRDJXODQW
7DEOH Interfering 1H NMR signals from different human plasma metabolites 






Hydroxyisovalerate (į 1.27): LVROHXFLQHWKUHRQLQH
Serine (į 3.97): PHWK\OKLVWLGLQHPHWK\OKLVWLGLQHKLSSXULFDFLG
2phosphocholine (į 3.22): PHWK\OKLVWLGLQHDUJLQLQHFDUQLWLQHFKROLQHJOXFRVHW\URVLQH
7ULPHWK\ODPLQH1oxide (į 3.27): DUJLQLQHEHWDLQHJOXFRVHKLVWLGLQHP\RLQRVLWROSKHQ\ODODQLQH
Glycine (į 3.57): SURSDQHGLROJOXFRVHJO\FHUROP\RLQRVLWROWKUHRQLQH
Ketoglutaric acid (į 3.01): O\VLQH
Betaine (į 3.27): DUJLQLQHJOXFRVH KLVWLGLQHP\RLQRVLWROSKHQ\ODODQLQHWULPHWK\ODPLQH1R[LGH
Choline (į 3.21): PHWK\OKLVWLGLQHPHWK\OKLVWLGLQHDFHW\OFDUQLWLQHDUJLQLQHRSKRVSKRFKROLQHW\URVLQH
Dimethylsulfone (į 3.16): PHWK\OKLVWLGLQHKLVWLGLQHSKHQ\ODODQLQH
Oxoisocaproic acid (į 0.95): LVROHXFLQHOHXFLQH
Acetylcarnitine (į 3.20): PHWK\OKLVWLGLQHDUJLQLQHFKROLQHRSKRVSKRFKROLQHW\URVLQH
Lactic acid (į 1.33): WKUHRQLQH
0\Rinositol (į 4.07): FKROLQHFUHDWLQLQH
Aminobutyric acid (į 0.98): K\GUR[\LVRYDOHULFDFLGOHXFLQHYDOLQH
3URSDQROį K\GUR[\EXW\ULFDFLGHWKDQRO
0HWK\Ooxovaleric acid (į 0.90 K\GUR[\EXW\ULFDFLGLVRFDSURLFDFLGLVRYDOHULFDFLG
$FHWLFDFLGį DPLQREXW\ULFDFLGDUJLQLQHO\VLQHRUQLWKLQH
Arginine (į 1.67): K\GUR[\EXW\ULFDFLGOHXFLQH
Carnitine (į 3.23): PHWK\OKLVWLGLQHDUJLQLQHJOXFRVHKLVWLGLQHRSKRVSKRFKROLQHW\URVLQH
Creatine (į 3.04): FUHDWLQLQHO\VLQHRUQLWKLQHW\URVLQH
Ethanol (į 1.19): SURSDQROK\GUR[\EXW\ULFDFLG
Leucine (į 0.98): DPLQREXW\ULFDFLGK\GUR[\LVRYDOHULFDFLGYDOLQH
Methanol (į 3.37): SUROLQH
Methionine (į 2.65): DVSDUWLFDFLGFLWULFDFLG
Proline (į 4.15 K\GUR[\EXW\ULFDFLG
$FHWRDFetic acid (į 2.29): YDOLQH
Glutamic acid (į 2.36): SUROLQH





 VDPSOHV +HQFH $4X$ FRPSXWDWLRQV ZHUH H[WUHPHO\ UDSLG 7KH KLJK
HIILFLHQF\RI$4X$ZDVWKXVGHPRQVWUDWHG
$OWKRXJKPDQ\PHWDEROLWHVGLVSOD\VHYHUDOFKDUDFWHULVWLF+105VLJQDOV
LW LV VXIILFLHQW WR XVH RQH VLJQDO IRU LWV TXDQWLILFDWLRQ %KDUWL	5R\ 
$4X$ LV EDVHG RQ WKLV SULQFLSOH 7KLV SULQFLSOH GRHV QRW RQO\ HQVXUH UDSLG
FRPSXWDWLRQVYLDGDWDUHGXFWLRQEXWDOVRDYRLGVSURFHVVLQJRIVSHFWUDOUHJLRQV
HJZKHUHERWKLQWHUIHUHQFHDQGpositional deviation RFFXUV7KLVLVXWLOLVHGE\
$4X$ WR IRFXV WKH TXDQWLWDWLYH SURFHVV WRZDUGV WDUJHW UHJLRQV ZKHUH WKH
VHOHFWHGVLJQDOVXVHGIRUTXDQWLILFDWLRQGLVSOD\IDYRXUDEOHFKDUDFWHULVWLFVHJ
KLJK S/N UDWLRV DQG VPDOO LQWHUVSHFWUDO GHYLDWLRQ LQ SRVLWLRQV ,Q FRQWUDVW
DYDLODEOHDOWHUQDWLYHVIRUPDQXDORUDXWRPDWHGTXDQWLILFDWLRQRIWHQFRQVLGHUDOO
H[SHULPHQWDOVLJQDOV5DYDQEDNKVK et al.+DRet al.:HOMLHet al.
 7KLV GUDPDWLFDOO\ LQFUHDVHV WKH GHPDQGV RQ FRPSXWDWLRQDO HIIRUWV LQ
DXWRPDWHG SURFHGXUHV DQG PDNHV PDQXDO SURFHGXUHV WLPHFRQVXPLQJ )RU
H[DPSOHTXDQWLILFDWLRQRIVHUXPPHWDEROLWHVUHTXLUHGDERXWPLQXWHVZLWK
%$<(6,/ ZKLOH %$70$1 UHTXLUHG DERXW  PLQXWHV WR TXDQWLI\ 
PHWDEROLWHV5DYDQEDNKVK et al.+DRet al.$ERXWPLQXWHVZDV
UHTXLUHGWRTXDQWLI\PHWDEROLWHVXVLQJWKH&KHQRP;VRIWZDUH:HOMLHet al.
 +RZHYHU D PDQXDO SURFHGXUH EHFRPHV YHU\ WLPHFRQVXPLQJ
HVSHFLDOO\ZKHQHPSOR\HGRQODUJHGDWDVHWV6FKOHLIet al.7KHVXSHULRU






DQG HYDOXDWHG IRU TXDQWLILFDWLRQ RI KXPDQ SODVPD PHWDEROLWHV E\ 105 LQ
VDPSOHVFROOHFWHGXVLQJKHSDULQDVDQWLFRDJXODQW7KHDFFXUDF\RI$4X$ZDV
WHVWHG DQG FRQILUPHG E\ FRPSDULVRQ ZLWK D PDQXDO SURFHGXUH IRU WDUJHWHG
SURILOLQJ7KH UHVXOWVZHUH LQ H[FHOOHQW DJUHHPHQW EXW$4X$SHUIRUPHG WKH
TXDQWLILFDWLRQV DW D VXSHULRU UDWH 'XH WR LWV KLJK HIILFLHQF\ $4X$ FDQ
IDFLOLWDWHODUJHVFDOHVWXGLHV
%H\RQG WKH UDSLG JHQHUDWLRQ RI TXDQWLWDWLYH GDWD RQ KXPDQ SODVPD
PHWDEROLWHV$4X$JHQHUDWHGLQIRUPDWLRQRQ105VLJQDOFKDUDFWHULVWLFVHJ
GHWHFWLRQOLPLWVLQWHQVLWLHVSRVLWLRQVDQGLQWHUIHUHQFHV7KLVLQIRUPDWLRQZDV
XWLOLVHG WR JHQHUDWH GLIIHUHQW TXDOLW\ LQGLFDWRUV occurrence positional 
deviation DQG Fq YDOXHV 7KH HYDOXDWLRQ RI WKH TXDOLW\ LQGLFDWRUV \LHOGHG
VLPLODU LQIRUPDWLRQDV WKHFRPSDULVRQRI$4X$ZLWKDPDQXDOSURFHGXUHIRU
WDUJHWHGSURILOLQJ+HQFHWKHTXDOLW\LQGLFDWRUVSURYLGHDZD\WRHYDOXDWH WKH
UHVXOWV IURP $4X$ ZLWKRXW WKH QHHG IRU FRPSDULVRQ WR DQ LQGHSHQGHQW
TXDQWLILFDWLRQSURFHGXUH$FFXUDWHTXDQWLILFDWLRQZLWK$4X$FDQEHH[SHFWHG
IRU DOOPHWDEROLWHV H[FHSW WKRVH WKDW GLVSOD\ ORZoccurrence KLJKGHJUHHRI
LQWHUIHUHQFH F0.50 ! RU D FRPELQDWLRQ RI positional deviation DQG
LQWHUIHUHQFH F0.05!

,QSDSHU ,, WKH DXWRPDWHGTXDQWLILFDWLRQ DOJRULWKP $4X$ZDVPRGLILHG WR






7KH PRGLILFDWLRQ RI $4X$ FDQ EH HPSOR\HG WR VSHFLILF FRPSRXQGV WKDW
GLVSOD\ LQWHUVSHFWUDO GHYLDWLRQV LQ VLJQDO SRVLWLRQV DQGRU OLQH ZLGWKV
&RPSRXQGV WDUJHWHG IRU TXDQWLILFDWLRQ PD\ WKHUHIRUH EH GLYLGHG LQWR WZR
VXEJURXSV  FRPSRXQGV WKDW GR QRW GLVSOD\ LQWHUVSHFWUDO GHYLDWLRQV LQ
VLJQDO SRVLWLRQV RU OLQH ZLGWKV DQG  FRPSRXQGV WKDW GLVSOD\ WKH
DIRUHPHQWLRQHGGHYLDWLRQV
)RUHDFKFRPSRXQGLQWKHVHFRQGVXEJURXSLWVFRUUHVSRQGLQJVSHFWUXPLQ





OLEUDU\ VSHFWUXP n 7KH FRQVWDQW SDUW RI WKH OLEUDU\ RULJLQDWLQJ IURP
FRPSRXQGVLQWKHILUVWVXEJURXSDORQJVLGHHDFKJHQHUDWHGOLEUDU\VSHFWUXPn 
RULJLQDWLQJ IURP FRPSRXQGV LQ WKH VHFRQG VXEJURXS LV WKHQ VXEMHFWHG WR
QRUPDOLVDWLRQDQGGDWDUHGXFWLRQDVGHVFULEHGLQSDSHU,7KLVJHQHUDWHVDQHZ




Figure 12. ,OOXVWUDWLRQ RI WKH SULQFLSOH XVHG WR PRGLI\ $4X$ WR DFFRXQW IRU LQWHUVSHFWUDO








ܡതܖ ൌ ܕനܖuܠതܖ (T
7KHSULQFLSOHWRPRGLI\$4X$LVLOOXVWUDWHGLQ)LJXUHXVLQJWKHVDPHILYH








,Q SDSHU ,, $4X$ ZDV LPSOHPHQWHG IRU TXDQWLILFDWLRQ RI KXPDQ SODVPD
PHWDEROLWHV LQ VDPSOHV FROOHFWHG XVLQJ ('7$ DV DQWLFRDJXODQW 7DUJHWHG
105EDVHGPHWDERORPLFVZDV HPSOR\HG RQ  VDPSOHV (DFK VDPSOHZDV
DQDO\VHGZLWKWKHZRUNIORZSUHVHQWHGLQ)LJXUHLHDVLPLODUZRUNIORZDV





WZR ('7$FRPSOH[HV &D('7$ DQG 0J('7$ %DUWRQ et al. 
7KHVWUDWHJ\WRDFFRXQWIRULQWHUVSHFWUDOGHYLDWLRQVLQVLJQDOSRVLWLRQVDQGOLQH
ZLGWKV ZDV HPSOR\HG RQ WKH WZR VLJQDOV IURP IUHH ('7$ (T  7KLV




4XDOLW\ LQGLFDWRUV 7DEOH  ZHUH FRPSXWHG IRU HDFK UHVSHFWLYH PHWDEROLWH
EDVHGRQYDOXHVLQKHUHQWO\JHQHUDWHGE\WKHPRGLILHG$4X$7KHHYDOXDWLRQRI
TXDOLW\ LQGLFDWRUV ZDV QRW GRQH IRU PHWDEROLWHV ZLWK  occurrence LQ
'DWDVHW ('7$ )RU WKH UHPDLQLQJ PHWDEROLWHV YDOXHV EHORZ /2' ZHUH
H[FOXGHG H[FHSWZKHQFRPSXWLQJoccurrences ,PSRUWDQWO\Fq YDOXHVZHUH

FRPSXWHGDIWHUVHSDUDWLRQ LQWR  LQWHUIHUHQFHIURPRWKHUPHWDEROLWHVLJQDOV
DQGLQWHUIHUHQFHIURP('7$VLJQDOVUHVSHFWLYHO\
 5HVXOWVDQGGLVFXVVLRQ
0HWDEROLWH TXDQWLILFDWLRQ E\ 105 PD\ EH GHVLUHG LQ SODVPD WKDW FRQWDLQV
('7$VLQFH VXFK VDPSOHV DUH IUHTXHQWO\ FROOHFWHG DQG VWRUHG LQFOLQLFDO DQG
HSLGHPLRORJLFDO VWXGLHV 7XFN et al.  9DXJKW et al.  +RZHYHU
('7$ JHQHUDWHV VHYHUDO FKDUDFWHULVWLF 105 VLJQDOV GXH WR LWV ELQGLQJ ZLWK
GLIIHUHQWFDWLRQVHJ+&DDQG0J7KHVHVLJQDOVLQWHUIHUHZLWKPDQ\
GLIIHUHQWPHWDEROLWH VLJQDOV HJ DFHW\OFDUQLWLQH DUJLQLQH FDUQLWLQH FKROLQH
FUHDWLQH FUHDWLQLQH JOXFRVH JO\FHURO KLVWLGLQH RUQLWKLQH SKHQ\ODODQLQH
W\URVLQHDQGYDOLQH%DUWRQet al.
,Q SDSHU ,, WDUJHWHG 105EDVHG PHWDERORPLFV ZDV HPSOR\HG RQ 
SODVPD VDPSOHV FROOHFWHG XVLQJ ('7$ DV DQWLFRDJXODQW 7KLV JHQHUDWHG DQ
H[SHULPHQWDO GDWDVHW 'DWDVHW ('7$ XVHG IRU TXDQWLILFDWLRQ ZLWK $4X$
$4X$ FDQ IDFLOLWDWH TXDQWLILFDWLRQ RI PHWDEROLWHV LQ WKH SUHVHQFH RI ('7$
VLJQDOV E\ LQFOXVLRQ RI IUHH ('7$ +('7$ DQG ('7$ PHWDO LRQ
FRPSOH[HV &D('7$ DQG 0J('7$ LQ WKH $4X$ FRPSXWDWLRQV LQ D
VLPLODUPDQQHUDVWKHRWKHUVHWRIFRPSRXQGVVHOHFWHGIRUTXDQWLILFDWLRQKHUH
KXPDQSODVPDPHWDEROLWHV)RUHDFKDGGHGFRPSRXQGWKHUHZLOOEHDRQHXQLW
LQFUHDVH LQ WKH GLPHQVLRQ RI WKH OLQHDU HTXDWLRQ V\VWHP XVHG LQ $4X$
FRPSXWDWLRQV (T  ,I VXFK LPSOHPHQWDWLRQ LV GRQH WKHQ DGGLWLRQDO
LQWHUIHUHQFHVEHWZHHQ('7$DQGPHWDEROLWHVLJQDOVZLOODOVREHFRQVLGHUHGLQ
HDFK $4X$ FRPSXWDWLRQ EH\RQG FRQVLGHUDWLRQ RI VLJQDO LQWHUIHUHQFHV
EHWZHHQPHWDEROLWHV
$V GLVFXVVHG LQ SDSHU , WKH XVH RI D FRQVWDQW PDWUL[ (T  FDQ EH
VXERSWLPDOIRUFRPSRXQGVWKDWGLVSOD\LQWHUIHUHQFHDQGLQWHUVSHFWUDOGHYLDWLRQ
LQSRVLWLRQVDQGRUOLQHZLGWKVKRZHYHURQO\LIWKHVHVLJQDOVDUHORFDWHGLQD
WDUJHW UHJLRQ WKDW LV XWLOLVHG LQ WKH$4X$ FRPSXWDWLRQV 7KH('7$ VLJQDOV
ZHUHDXWRPDWLFDOO\PRQLWRUHGLQ'DWDVHW('7$WRLGHQWLI\ZKHWKHUVXFKLVVXHV
ZHUH REVHUYHG )LJXUH  ,W ZDV IRXQG WKDW WKH WZR KLJK LQWHQVLW\ VLJQDOV
IURP IUHH ('7$ GLVSOD\HG LQWHUVSHFWUDO GHYLDWLRQV LQ ERWK VLJQDO SRVLWLRQV
DQGOLQHZLGWKV7KHVHGHYLDWLRQVFDQEHS+GHSHQGHQW0yQLFRet al.
%KDUWL	5R\  %DUWRQ et al.  7KXV GHVSLWH WKH XVH RI D EXIIHU
VROXWLRQWRUHGXFHWKHYDULDWLRQLQS+EHWZHHQVDPSOHVVRPHGHYLDWLRQVZHUH
VWLOO REVHUYHG 7KHUHIRUH 'DWDVHW ('7$ ZDV DQ H[FHOOHQW WHVW V\VWHP WR
GHPRQVWUDWH WKH VWUDWHJ\ IRU PRGLI\LQJ $4X$ WR KDQGOH LQWHUVSHFWUDO
GHYLDWLRQVLQVLJQDOSRVLWLRQVDQGOLQHZLGWKV







(YDOXDWLRQ RI WKH PRGLILHG $4X$ ZDV GRQH XVLQJ WKH TXDOLW\ LQGLFDWRUV
occurrence positional deviation DQG Fq YDOXHV )LJXUH  ,Q SDSHU ,, Fq
YDOXHV ZHUH FRPSXWHG VHSDUDWHO\ EDVHG RQ  LQWHUIHUHQFHV IURP RWKHU
PHWDEROLWHV DQG  LQWHUIHUHQFHV IURP('7$ )XUWKHUPRUH LQWHUSUHWDWLRQ RI
TXDOLW\ LQGLFDWRUV LQ UHODWLRQ WR TXDQWLWDWLYH DFFXUDF\ ZDV JXLGHG E\ WKH
FRQFOXVLRQVLQSDSHU,,QSDSHU,LWZDVFRQFOXGHGWKDWPHWDEROLWHVZLWKORZ
occurrence D KLJK GHJUHH LQWHUIHUHQFH F0.50 ! RU D FRPELQDWLRQ RI





)LJXUH  )RU H[DPSOH PRVW PHWDEROLWHV GLVSOD\HG KLJK occurrence DQG
positional deviation ZDV OLPLWHG 7KLV LQGLFDWHV WKDW WKH OHYHO RI TXDQWLWDWLYH
DFFXUDF\LVFRPSDUDEOHEHWZHHQWKHWZRGDWDVHWVZKHQRQO\FRQVLGHULQJWKHVH
WKUHH TXDOLW\ LQGLFDWRUV +RZHYHU DGGLWLRQDO LQWHUIHUHQFHV FDXVHG E\ ('7$
ZHUHLGHQWLILHGYLDODUJHUFqYDOXHVIURP('7$7KLVPD\OHDGWRGLIILFXOWLHV
LQTXDQWLI\LQJWKRVHPHWDEROLWHVEXWRQO\LIWKHGHJUHHRILQWHUIHUHQFHLVKLJK
,W ZDV SRVVLEOH WR LGHQWLI\ D IHZ PHWDEROLWHV ZLWK D KLJK GHJUHH RI
LQWHUIHUHQFH HJ FDUQLWLQH DQG GLPHWK\OVXOIRQH ZKLFK PD\ EH GLIILFXOW WR
TXDQWLI\ZLWK WKHPRGLILHG$4X$ LQ SODVPD WKDW FRQWDLQV ('7$+RZHYHU
PRVWPHWDEROLWHVZKLFKZHUHDIIHFWHGE\DGGLWLRQDOLQWHUIHUHQFHIURP('7$
VWLOO GLVSOD\HG DQ LQWHUPHGLDWH GHJUHH RI LQWHUIHUHQFH 7KLV LPSOLHV WKDW WKH
PRGLILHG $4X$ FDQ DFFXUDWHO\ TXDQWLI\ PRVW PHWDEROLWHV DIIHFWHG E\
LQWHUIHUHQFHIURP('7$VLJQDOV
&RPSDULVRQEHWZHHQ GLIIHUHQW$4X$LPSOHPHQWDWLRQV
,Q SDSHU ,, WZR $4X$V ZHUH LPSOHPHQWHG $ QRQPRGLILHG $4X$ ZDV
LPSOHPHQWHG DV GHVFULEHG LQ SDSHU ,  LH RQO\ LQWHUPHWDEROLWH VLJQDO
LQWHUIHUHQFHVZHUHDFFRXQWHGIRU7KLV$4X$ZDVH[WHQGHGWRDFFRXQWIRUWKH









Figure 15. 7LPH UHTXLUHG IRU $4X$ FRPSXWDWLRQV LQ GDWDVHW ('7$ EHIRUH DQG DIWHU LWV
PRGLILFDWLRQ
Efficiency 





WKH XVH RI RQHܕന  PDWUL[ IRU DOO H[SHULPHQWDO VSHFWUD – LH LW LV D GLUHFW
FRQVHTXHQFH RI DFFRXQWLQJ IRU LQWHUVSHFWUDO GHYLDWLRQV LQ SRVLWLRQV DQG OLQH
ZLGWKV KHUH IRU VLJQDOV IURP IUHH ('7$ 6WLOO WKH PRGLILHG $4X$
SHUIRUPHGH[WUHPHO\ UDSLGVLQFHDOOFRPSXWDWLRQVZHUHGRQH LQVHFRQGV
RQ D VWDQGDUG SHUVRQDO FRPSXWHU $V PHQWLRQHG LQ SDSHU , DXWRPDWHG
DOWHUQDWLYHVUHTXLUHDWOHDVWILYHPLQXWHVWRSURFHVVRQHH[SHULPHQWDOVSHFWUXP
5DYDQEDNKVK et al.+DRet al.

Figure 16 &RPSDULVRQ RI PHDQ VDPSOH FRQFHQWUDWLRQV P JHQHUDWHG IRU HDFK UHVSHFWLYH
PHWDEROLWHYLDGLIIHUHQW$4X$ LPSOHPHQWDWLRQV $&DOFXODWHGYDOXHVRI Pnon-mod - PmodPmod
ZKHUHPmodLVWKHUHVXOWVIURPWKHQRQPRGLILHG$4X$DQGPmodLVWKHUHVXOWVIURPWKHPRGLILHG




Mean sample concentrations 
)RU HDFK PHWDEROLWH WKH PHDQ VDPSOH FRQFHQWUDWLRQ P GHULYHG IURP HDFK
UHVSHFWLYH LPSOHPHQWDWLRQZDVXVHG WR FDOFXODWH Pnon-mod - PmodPmodZKHUH
Pnon-modLVWKHUHVXOWVIURPWKHQRQPRGLILHG$4X$DQGPmodLVWKHUHVXOWVIURP
WKH PRGLILHG $4X$ ZKHQ HPSOR\HG RQ 'DWDVHW ('7$ 7KLV FRPSDULVRQ
VKRZHG WKDW WKH QRQPRGLILHG $4X$ RYHUHVWLPDWHG WKH FRQFHQWUDWLRQV RI
PHWDEROLWHVWKDWZHUHDIIHFWHGE\LQWHUIHUHQFHIURP('7$)LJXUH$
7KH UHVXOWV IURP WKH PRGLILHG$4X$ZKHQ HPSOR\HG RQ'DWDVHW ('7$
Pmod LQ )LJXUH $ RU PEDTA LQ )LJXUH % ZHUH DOVR FRPSDUHG ZLWK WKH
UHVXOWVIURPSDSHU,PHeparinZKHUHWKHQRQPRGLILHG$4X$ZDVHPSOR\HGRQ
'DWDVHW +HSDULQ 7KLV FRPSDULVRQ ZDV GRQH E\ FDOFXODWLQJ PEDTA 
PHeparinPHeparin )LJXUH % $V FDQ EH VHHQ LQ )LJXUH  WKH VL]H RI WKH
RYHUHVWLPDWLRQV GXH WR ('7$ VLJQDOV EHLQJ LJQRUHG RIWHQ H[FHHGHG WKH
GLIIHUHQFH EHWZHHQ WKH GDWDVHWV  LH GLIIHUHQFHV EHWZHHQ WZR WDUJHW
SRSXODWLRQV+HQFHXVLQJWKHPRGLILHG$4X$LVFOHDUO\UHTXLUHGWR\LHOGPRUH
DFFXUDWHFRQFHQWUDWLRQHVWLPDWHV$OFRKROVDUHQRWVKRZQLQ)LJXUHGXHWR
VDPSOH SUHVHUYDWLRQ LVVXHV ZKLFK FDQ UHVXOWV LQ XQUHOLDEOH DOFRKRO
FRQFHQWUDWLRQV3V\FKRJLRVet al.
 &RQFOXVLRQV
3DSHU ,, LQWURGXFHG D VWUDWHJ\ IRU PRGLI\LQJ $4X$ WR KDQGOH LQWHUVSHFWUDO
GHYLDWLRQVLQ105VLJQDOSRVLWLRQVDQGOLQHZLGWKV7KHPRGLILHG$4X$ZDV
LPSOHPHQWHG IRU TXDQWLILFDWLRQ RI KXPDQ SODVPD PHWDEROLWHV LQ VDPSOHV
FROOHFWHGXVLQJ('7$DVDQWLFRDJXODQW('7$FRQWDLQLQJSODVPDZDVDJRRG









LGHQWLI\ ULVN ELRPDUNHUV IRU SURVWDWH FDQFHU DPRQJ SODVPD PHWDEROLWHV
PHDVXUHG ZLWK WDUJHWHG 105 DQG 06EDVHG PHWDERORPLFV ,PSRUWDQWO\




'HWDLOVRQ WKH16+'&KDYHEHHQSUHVHQWHGHOVHZKHUH1RUEHUJet al. 
-RKDQVVRQet al.3DUWLFLSDQWVZHUHHQUROOHGWRWKH16+'&DWRU
 \HDUV RI DJH (QUROOHG VXEMHFWV XQGHUZHQW D EDVHOLQH H[DPLQDWLRQ WKDW
LQFOXGHGSHUIRUPLQJRIDQ2*77DQVZHULQJYDOLGDWHGIRRGIUHTXHQF\
TXHVWLRQQDLUH ))4 DQG GRQDWLQJ DEORRGVDPSOHDIWHURYHUQLJKW IDVWLQJ
7KH VDPSOHVZHUHVWRUHGDWR& LQSODVPDDOLTXRWV
$ WRWDO QXPEHU RI  FDVHFRQWUROV ZHUH VHOHFWHG IRU WKH QHVWHG FDVH
FRQWURO VWXG\ LQ SDSHU ,,, ,QFOXVLRQ FULWHULD IRU FDVHV ZHUH  QR 7' DW
EDVHOLQHDWOHDVW\HDUVEHWZHHQEDVHOLQHDQGWKHGLDJQRVLVZLWK SURVWDWH
FDQFHU QRSUHYLRXVLQFLGHQFHRIFDQFHU (DFKFDVH ZDV PDWFKHGZLWKRQH
KHDOWK\FRQWURO EDVHGRQDJH%0,ERG\PDVVLQGH[DQGVDPSOHVWRUDJHWLPH
+HSDULQZDVXVHGDVDQWLFRDJXODQWLQWKHSODVPDVDPSOHV 7KLVVWXG\LQFOXGLQJ





7KH SODVPD VDPSOHV ZHUH DQDO\VHG ZLWK WDUJHWHG PHWDERORPLFV 4XDOLW\
FRQWURO 4& VDPSOHVZHUH LQFOXGHG LQ WKHPHWDERORPLFVZRUNIORZ WRDVVHVV
WKH DQDO\WLFDO FRHIILFLHQW RI YDULDWLRQ &9 )RU WDUJHWHG 105EDVHG
PHWDERORPLFV WKHPHWKRG SUHVHQWHG LQ SDSHU , ZDV HPSOR\HG  SODVPD
VDPSOHVZHUH LQFOXGHG LQ ERWK SDSHU , DQG SDSHU ,,, )RU WDUJHWHG06EDVHG
PHWDERORPLFV WKH $EVROXWH,'4 S DVVD\ %,2&5$7(6 ,QQVEUXFN
$XVWULD ZDV XVHG $ WRWDO QXPEHU RI  KXPDQ SODVPD PHWDEROLWHV ZHUH
TXDQWLILHG 7KLVLQFOXGHGDF\OFDUQLWLQHV &[\DPLQRDFLGVELRJHQLF
DPLQHV  GLDF\O SKRVSKDWLG\OFKROLQHV 3& DD &[\  DF\ODON\O
SKRVSKDWLG\OFKROLQHV 3&DH&[\ O\VRSKRVSKDWLG\OFKROLQHV /3&&[\ 
K\GUR[\VSKLQJRP\HOLQV 602+ &[\  VSKLQJRP\HOLQV 60 &[\ DQG
RQHKH[RVH VXPRIVHYHUDOLVRPHUVLQFOXGLQJJOXFRVH ,Q&[\[FRUUHVSRQGV
WRWKHQXPEHURIFDUERQVDQG\WKHQXPEHURIGRXEOHERQGVLQ WKHIDWW\DFLG
FKDLQV 7KHPHWKRGRORJ\ KDVEHHQSUHVHQWHG LQGHWDLO HOVHZKHUH DQG LW KDV




PHWDEROLWHV WKDWGLVSOD\HGUHODWLYHO\ ORZRFFXUUHQFHDQGRU UHODWLYHO\
ODUJH FRHIILFLHQW RI YDULDWLRQ LQ WKH 4& VDPSOHV &94& ! 7KHVH
PHWDEROLWHVZHUH H[FOXGHG IURP VWDWLVWLFDO DQDO\VHV7KH DVVRFLDWLRQEHWZHHQ
WKH EDVHOLQH SODVPD OHYHO RI HDFK LQGLYLGXDO PHWDEROLWH DQG ULVN RI SURVWDWH
FDQFHUZDVLQYHVWLJDWHGXVLQJFRQGLWLRQDOORJLVWLFUHJUHVVLRQORJWUDQVIRUPHG
PHWDEROLWHGDWDFRQGLWLRQHGRQPDWFKLQJIDFWRUV6WDWLVWLFDODQDO\VLVJHQHUDWHG
WKH 25  &, DQG WKH FRUUHVSRQGLQJ SYDOXH IRU HDFK DVVRFLDWLRQ
&RUUHFWLRQIRUPXOWLSOHWHVWLQJZDVGRQHDWWZROHYHOVRIVWULQJHQF\7KHKLJKO\
FRQVHUYDWLYH%RQIHUURQL FRUUHFWLRQZDVXVHG DVZHOO DV D OHVV VWULQJHQW )'5
DSSURDFK,QWKH)'5DSSURDFKWKHOHYHORIVLJQLILFDQFHZDVVHWDWEDVHG
RQ TYDOXHV JHQHUDWHG IURP WKH SYDOXHV 6WRUH\ 	 7LEVKLUDQL 
6WDWLVWLFDO DQDO\VHV ZHUH UHSHDWHG DIWHU VWUDWLILFDWLRQ E\ EDVHOLQH DJH 
\HDUV\HDUVDQGGLVHDVHDJJUHVVLYHQHVVQRQDJJUHVVLYHDJJUHVVLYH
$JJUHVVLYHSURVWDWHFDQFHUZDVGHILQHGDVSRRUO\GLIIHUHQWLDWHGWXPRXU
:+2 JUDGH  RU *OHDVRQ VFRUH   QRQORFDOLVHG WXPRXU 7 
O\PSK QRGHPHWDVWDVLV 1  ERQHPHWDVWDVLV 0 RU  VHUXPSURVWDWH







7DEOH OLVWVSRWHQWLDO ULVNELRPDUNHUV IRUSURVWDWHFDQFHUDPRQJPHWDEROLWHV





RI S\UXYLF DFLG DVVRFLDWHG ZLWK HOHYDWHG ULVN RI RYHUDOO SURVWDWH FDQFHU LQ
\RXQJHUVXEMHFWV7KHHYDOXDWLRQRITXDOLW\ LQGLFDWRUV LQSDSHU , VKRZHG WKDW
WKHVH PHWDEROLWHV FRXOG EH DFFXUDWHO\ TXDQWLILHG ZLWK $4X$ LQ VDPSOHV
FROOHFWHGXVLQJKHSDULQDVDQWLFRDJXODQW)LJXUH
7DEOH Potential risk biomarkers for prostate cancer measured by NMR a, b
Disease group Age group Potential risk biomarkers
2YHUDOO
   \HDUV 3\UXYLFDFLGp
  \HDUV *O\FLQHn S\UXYLFDFLG p
\HDUV *OXWDPLQHpKLVWLGLQHp
1RQDJJUHVVLYH
  \HDUV 3\UXYLFDFLGp
  \HDUV *O\FLQHnS\UXYLFDFLGp
\HDUV &KROLQHn
$JJUHVVLYH
  \HDUV *OXWDPLQHpKLVWLGLQHpRUQLWKLQHp





7DEOH  OLVWV SRWHQWLDO ULVN ELRPDUNHUV IRU SURVWDWH FDQFHU DPRQJ WKH
PHWDEROLWHV PHDVXUHGZLWK WDUJHWHG06EDVHGPHWDERORPLFV +LJKHU SODVPD
FRQFHQWUDWLRQVRI/3&&DQG/3&&DVVRFLDWHGZLWKHOHYDWHGULVNRI






ZLWK DJJUHVVLYH GLVHDVH DQG WKHLU PDWFKHG FRQWUROV 7KHVH DIRUHPHQWLRQHG
ILQGLQJV ZHUH VLJQLILFDQW DIWHU FRUUHFWLRQ IRU PXOWLSOH WHVWLQJ )'5 
,PSRUWDQWO\ WKH DVVRFLDWLRQEHWZHHQ/3&& DQG HOHYDWHG ULVNRI RYHUDOO
SURVWDWHFDQFHUZDVDOVRVLJQLILFDQWDIWHU%RQIHUURQLFRUUHFWLRQLQWKHVXEJURXS
RIROGHUVXEMHFWV
7DEOH Potential risk biomarkers for prostate cancer measured by MS a, b, c
Disease 
group Age group Identified risk biomarkers
2YHUDOO
  \HDUV &/3&&  3&DD&3&DH&  n
  \HDUV 3&DH&n 	 DUJLQLQHp
\HDUV &/3&& 3&DH&WDXULQHn 	 RUQLWKLQHp
1RQ
DJJUHVVLYH
  \HDUV /3&&3&DH& n 	 DUJLQLQHp
  \HDUV $UJLQLQHp
\HDUV &/3&&/3&&3&DH&3&DH&n
$JJUHVVLYH
  \HDUV /3& &   3&DD&3&DH&    n 	 &p
 \HDUV &&&3&DHn






$ PDMRULW\ RI SRWHQWLDO ULVN ELRPDUNHUV LGHQWLILHG LQ SDSHU ,,, ZHUH /3&V
7DEOH,QSDSHU,,,LWZDVVKRZQWKDWWKH/3&VFRXOGEHGLYLGHGLQWRWZR
FOXVWHUVZKHUH/3&V WKDW EHORQJHG WR WKH VDPH FOXVWHU GLVSOD\HG KLJK LQWHU
VDPSOH FRUUHODWLRQV DQG ZKHUH /3&V IURP GLIIHUHQW FOXVWHUV GLVSOD\HG ORZ





plasma level of LPCs with 20 carbons weakened the associations between 
LQGLYLGXDO /3&V DQG WKH ULVN RI SURVWDWH FDQFHU +RZHYHU DVVRFLDWLRQV
EHWZHHQ/3&&DQG ULVNRISURVWDWHFDQFHUZHUH VWLOOREVHUYHGDIWHU WKLV






Paper III also showed that LPCs with 20 carbons displayed negative 
FRUUHODWLRQVZLWK JOXFRVH YDOXHVPHDVXUHG DW EDVHOLQH GXULQJ DQ2*777KH
QHJDWLYH FRUUHODWLRQV REVHUYHG EHWZHHQ /3&V DQG JOXFRVH YDOXHV IURP WKH




SURVWDWH FDQFHU ,Q SDSHU ,,, WKH VWDWLVWLFDO DQDO\VLV ZDV UHSHDWHG IRU WKH
LGHQWLILHG ULVN ELRPDUNHUV IRU SURVWDWH FDQFHU DIWHU OLPLWLQJ WR FDVHFRQWUROV
SDLUV ZLWK 1*7 DW EDVHOLQH 7KH UHVXOWV VKRZHG WKDW WKH DVVRFLDWLRQV RIWHQ
DSSHDUHG VWURQJHU DIWHU WKLV VWUDWLILFDWLRQ IRU OLSLG VSHFLHV DQG ZLWK RYHUDOO








IXOILOOLQJ WKHVH FULWHULD ZDV PHQWLRQHG LQ WKH LQWURGXFWLRQ VHH VHFWLRQ 
5LVNELRPDUNHUVIRUSURVWDWHFDQFHU
)XUWKHUPRUH SDSHU ,,, DVVHVVHG ZKHWKHU DVVRFLDWLRQ EHWZHHQ PHWDEROLWHV
DQG SURVWDWH FDQFHU ULVN YDULHG ZLWK EDVHOLQH DJH ZKLFK ZDV QRW GRQH LQ
SUHYLRXVVWXGLHV6FKPLGWet al.+XDQJet al..KQet al.
0RQGXOet al.0RQGXOet al.
$GGLWLRQDOO\ WZR DQDO\WLFDO PHWKRGV 105 DQG06 ZHUH HPSOR\HG LQ
SDSHU,,, WR\LHOGFRPSOHPHQWDU\LQIRUPDWLRQ RQPHWDEROLWHV 3UHYLRXVVWXGLHV
KDYH RQO\ XVHG06 6FKPLGW et al.  +XDQJ et al.  .KQ et al.
0RQGXOet al.0RQGXOet al. ,PSRUWDQWO\WKHXVHRI$4X$
IDFLOLWDWHGDFFXUDWHDQGUDSLGTXDQWLILFDWLRQRISODVPDPHWDEROLWHVPHDVXUHGE\




DQ ))4 DW EDVHOLQH ZKLFK HQDEOHG WKH XQLTXH SRVVLELOLW\ IRU IXUWKHU
LQYHVWLJDWLRQVHJFRUUHODWLRQDQDO\VHVEHWZHHQPHWDEROLWHVDQG2*77DQG
))4UHVXOWV1RUEHUJet al.
7KH VWXG\ LQ SDSHU ,,, DOVR KDV VRPH OLPLWDWLRQV )RU H[DPSOH GXH WR
VHYHUDO VWUDWLILFDWLRQV WKH VDPSOH VL]H ZDV VRPHZKDW OLPLWHG LQ VSHFLILF
VXEJURXSV HJ ROGHU FDVHV ZLWK DJJUHVVLYH GLVHDVH DQG WKHLU PDWFKHG
FRQWUROV ZKLFK UHVXOWV LQ XQFHUWDLQ ULVN HVWLPDWHV )XUWKHUPRUH WKH UHVXOWV
PD\ EH GLIILFXOW WR JHQHUDOLVH VLQFH WKH VWXG\ SRSXODWLRQ RQO\ LQFOXGHG
LQGLYLGXDOVIURPRQHJHRJUDSKLFDOUHJLRQQRUWKHUQ6ZHGHQ
&RPSDULVRQZLWKSUHYLRXVVWXGLHV
3UHYLRXV VWXGLHVRI VLPLODU GHVLJQGLGQRW UHSRUW S\UXYLF DFLGDQGJO\FLQH DV
SRWHQWLDO ULVNELRPDUNHUV IRU SURVWDWH FDQFHU 6FKPLGWet al. +XDQJet 
al.  .KQ et al.  0RQGXO et al.  0RQGXO et al. 
+RZHYHU WKHVH SUHYLRXV VWXGLHV GLG QRW HPSOR\ WDUJHWHG 105EDVHG
PHWDERORPLFVZKLFKZDVXVHG WR LGHQWLI\ WKHVH ULVNELRPDUNHUFDQGLGDWHV LQ
SDSHU,,,

7KH ILQGLQJ IRU DF\OFDUQLWLQH & ZDV LQ DJUHHPHQW ZLWK D SUHYLRXV
VWXG\ ZKHUH ORZHU FRQFHQWUDWLRQV RI DF\OFDUQLWLQH & DVVRFLDWHG ZLWK
HOHYDWHG ULVN RI DGYDQFHG VWDJH SURVWDWH FDQFHU 6LPLODU GHVLJQ DQG 06
PHWKRGRORJ\ZHUHXVHGLQWKLVSUHYLRXVVWXG\KRZHYHU WKHVWXG\SRSXODWLRQ
LQFOXGHG LQGLYLGXDOV IURP VHYHUDO(XURSHDQ FRXQWULHV 6FKPLGWet al. 
7KLV SUHYLRXV VWXG\ DOVR UHSRUWHG WKDW ORZHU FRQFHQWUDWLRQV RI VRPH 3&V
DVVRFLDWHG ZLWK HOHYDWHG ULVN RI DGYDQFHG VWDJH GLVHDVH 7KLV PD\ VHHP
FRQWUDGLFWRU\ WR VRPH RI WKH ILQGLQJV IRU 3&V LQ SDSHU ,,, +RZHYHU WKH
DVVRFLDWLRQVLQWKHSUHYLRXVVWXG\ZHUHW\SLFDOO\REVHUYHGIRUGLIIHUHQWGLDF\O
3&VZKLFKZHUHQRWLGHQWLILHGLQSDSHU,,,6FKPLGWet al.
7KH ILQGLQJV IRU /3& & KDYH QRW EHHQ UHSRUWHG LQ SUHYLRXV VWXGLHV
6FKPLGWet al. +XDQJet al. .KQet al. 0RQGXOet al.
 0RQGXO et al.  +RZHYHU ORZHU FRQFHQWUDWLRQV RI /3& &
DVVRFLDWHGZLWKHOHYDWHGULVNRIRYHUDOODQGDGYDQFHGVWDJHSURVWDWHFDQFHULQ
SUHYLRXV VWXGLHV 6FKPLGWet al. .KQet al. 7KLV LV VRPHZKDW
FRQWUDGLFWRU\WRWKHILQGLQJVLQSDSHU,,,,QFRQWUDVWWRSDSHU,,,WKHVHVWXGLHV
LQFOXGHG VRPH FDVHV ZLWK UHODWLYHO\ VKRUW IROORZXS XQWLO SURVWDWH FDQFHU
GLDJQRVLV  \HDUV 6KRUW IROORZXS PD\ UHVXOW LQ LQFOXVLRQ RI FDVHV ZLWK
VXEFOLQLFDO GLVHDVH DW EDVHOLQH ,W FDQ EH VSHFXODWHG WKDW WKHPHWDERW\SH IRU
GLDJQRVHGSURVWDWHFDQFHUPD\REVFXUHWKHPHWDERW\SHIRUSURVWDWHFDQFHUULVN
7KLV PD\ KDPSHU WKH VWDWLVWLFDO RXWFRPH IRU VSHFLILF PHWDEROLWHV WKDW DUH
NQRZQWRGLIIHUEHWZHHQSURVWDWHFDQFHUSDWLHQWVFRPSDUHGWRKHDOWK\FRQWUROV
VXFKDV/3&&=KRXet al./RNKRYet al.2VOet al.











GDLU\ SURGXFWV KDV EHHQ VXJJHVWHG DV D ULVN IDFWRU IRU SURVWDWH FDQFHU ZLWK
OLPLWHGHYLGHQFH:&5)$,&5
,QWHUHVWLQJO\ WKHUH LV D UHODWLRQVKLS EHWZHHQ KLJKHU FRQVXPSWLRQ RI GDLU\
SURGXFWVDQGHOHYDWHGFLUFXODWRU\ OHYHOVRI ,*),DPRGLILDEOH ULVNIDFWRU IRU

SURVWDWHFDQFHU7UDYLVet al.4LQet al.1RWDEO\DSUHYLRXVVWXG\
LQ WKH16+'& LGHQWLILHG DQ DVVRFLDWLRQ EHWZHHQKLJKHU FLUFXODWRU\ OHYHOV RI
,*),DQGHOHYDWHGULVNRISURVWDWHFDQFHU6WDWWLQet al.)XUWKHUPRUHD
SUHYLRXVVWXG\KDVVKRZQWKDWSODVPDOLSLGVZKLFKFRQWDLQVDWXUDWHGRGGFKDLQ
)$V GLVSOD\ SRVLWLYH FRUUHODWLRQ ZLWK ,*), OHYHOV LQ PHQ .QDFNH et al.
+HQFHULVNELRPDUNHUVIRUSURVWDWHFDQFHULGHQWLILHGLQWKHVDPHFRKRUW
LH,*),DQG/3&&PD\EHOLQNHGYLDFRQVXPSWLRQRIGDLU\
3UHYLRXV QHVWHG FDVHFRQWURO VWXGLHV RQ SURVWDWH FDQFHU KDYH QRW UHSRUWHG
/3&& DV D SRWHQWLDO ULVNELRPDUNHU IRU SURVWDWH FDQFHU 6FKPLGW et al.
+XDQJet al..KQet al.0RQGXOet al.0RQGXOet
al.  8QGHU WKH DVVXPSWLRQ WKDW GDLU\ FRQVXPSWLRQ LQIOXHQFH WKH




LQGLYLGXDOV IURP PDQ\ RWKHU (XURSHDQ FRXQWULHV +MDUWnNHU et al. 
+RZHYHUPRUHUHVHDUFKLVUHTXLUHGWRGUDZFRQFOXVLRQV
*OXFRVHLQWROHUDQFHDQGULVNELRPDUNHUVIRUSURVWDWHFDQFHU
7KHXVHRI VDWXUDWHG IDWW\DFLGFKDLQZLWK VHYHQWHHQFDUERQVDVDPDUNHU IRU
GDLU\ FRQVXPSWLRQ KDV EHHQ TXHVWLRQHG ,QVWHDG LW KDV EHHQ VKRZQ WKDW
ELRV\QWKHVLVPD\EHWKHNH\VRXUFHRIIDWW\DFLG&ZKLOHRWKHURGGFKDLQ
IDWW\DFLGVHJ&PD\UHIOHFWGDLU\FRQVXPSWLRQPRUHDFFXUDWHO\)DWW\
DFLG & KDV EHHQ GLVWLQJXLVKHG IURP & YLD LWV OLQN WR JOXFRVH
LQWROHUDQFH-HQNLQVet al.$OVR ORZHU OHYHORI/3&&DVVRFLDWHG
ZLWKHOHYDWHGULVNRILPSDLUHGJOXFRVHWROHUDQFHLQD SUHYLRXVVWXG\DVZHOODV
HOHYDWHG ULVN RI 7' LQ WKH 16+'& 6KL et al. :DQJ6DWWOHU et al.
 ,QWHUHVWLQJO\ ORZHU FLUFXODWRU\ OHYHOV RI ,*), DOVR DVVRFLDWH ZLWK









ERWK SURVWDWH FDQFHU DQG 7' SDWKRSK\VLRORJ\ )RU H[DPSOH HQKDQFHG
3,.$.7VLJQDOOLQJSURPRWHVSURVWDWHFDQFHUZKLOHLQDFWLYDWLRQFDQSURPRWH
7' +XDQJ et al.  <XH et al.  $FWLYDWLRQ RI WKH GRZQVWUHDP
VLJQDOOLQJRI WKH3,.$.7SDWKZD\FDQDIIHFW WKHOHYHORISODVPDOLSLGVYLD
HQKDQFHGFHOOXODUXSWDNHRIOLSRSURWHLQV<XHet al.,WFDQEHVSHFXODWHG
WKDW HQKDQFHG3,.$.7VLJQDOOLQJPD\ UHVXOW LQ LQFUHDVHGSODVPD OHYHOVRI
/3&V
6HYHUDO PHWDEROLWHV WKDW ZHUH LGHQWLILHG DV SRWHQWLDO ULVN ELRPDUNHUV IRU
SURVWDWH FDQFHU LQ SDSHU ,,, HJ /3&&/3&& DQG JO\FLQH KDYH
DOVR EHHQ OLQNHG ZLWK ,*7 DQG 7' ULVN EXW ZLWK DVVRFLDWLRQV RI RSSRVLWH
GLUHFWLRQV:DQJ6DWWOHUet al.7KHUHVXOWVLQSDSHU,,,DSSHDUWRUHYHDO
WKH UHYHUVHFURVVDVVRFLDWLRQEHWZHHQ WKH ULVNRI WKHVH WZRGLVHDVHV SURVWDWH
FDQFHUDQG7'DWWKHPHWDEROLWHOHYHO
 &RQFOXVLRQVDQGIXWXUHVWXGLHV
6HYHUDO ULVNELRPDUNHUFDQGLGDWHV IRUSURVWDWHFDQFHUFRXOGEH LGHQWLILHG LQD
FDVHFRQWURO VWXG\ QHVWHG ZLWKLQ WKH 16+'& $ UHYHUVH FURVVDVVRFLDWLRQ
EHWZHHQULVNRISURVWDWHFDQFHUDQG7'ZDVUHYHDOHGRQWKHPHWDEROLWHOHYHO
7KH ILQGLQJV VKRXOG EH YDOLGDWHG LQ DQ LQGHSHQGHQW FRKRUW $OWKRXJK D
SRWHQWLDO UROH IRU GDLU\ FRQVXPSWLRQ ZDV GLVWLQJXLVKHG IXUWKHU UHVHDUFK LV
QHHGHGWRGUDZILQDOFRQFOXVLRQV2QHVWHSFDQEHWRWDUJHWVSHFLILFOLSLGVWKDW





DFFXUDWH $ NH\ ERWWOHQHFN LQ WKH ZRUNIORZ LV WKH TXDQWLILFDWLRQ VWHS $Q
DXWRPDWHG 4XDQWLILFDWLRQ $OJRULWKP $4X$ ZDV LQWURGXFHG LQ UHVSRQVH WR




$4X$ KDV D JUHDW SRWHQWLDO IRU XVH EH\RQG WKH DSSOLFDWLRQ WR SODVPD




)XUWKHU GHYHORSPHQW RI $4X$ LV UHTXLUHG VXFK DV D PRUH XQLYHUVDO
DSSOLFDWLRQRI LWV SULQFLSOHV LQ RUGHU WRPRYH DZD\ IURPFRQVFLRXVGHFLVLRQ
PDNLQJ DQG PRYH WRZDUGV DXWRPDWLRQ 7KH XVH RI $4X$ SULQFLSOHV LV QRW
UHVWULFWHG WR 105 VLJQDOV EXW FDQ DOVR EH DSSOLHG RQ TXDQWLWDWLYH VLJQDOV
JHQHUDWHGE\RWKHUDQDO\WLFDOPHWKRGV
)XUWKHUPRUH D EURDGHU XVH RI $4X$ ZRXOG EH IDFLOLWDWHG E\ LQFUHDVHG
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$ WUDGLWLRQDO OLQHRI DFWLRQ LQ UHVHDUFKZLWKLQPROHFXODU ELRORJ\KDVEHHQ WR
VHOHFW D IHZ PROHFXOHV IRU DQDO\VLV EDVHG RQ DQ H[LVWLQJ K\SRWKHVLV $IWHU
DQDO\VLVDQGVWDWLVWLFVDWWHPSWVDUHGRQHWRGUDZFRQFOXVLRQVLQUHODWLRQWRWKH
K\SRWKHVLV %XW DGYDQFHV LQ WHFKQRORJ\ KDYH DOORZHG IRU PRUH JOREDO
DSSURDFKHV ZKHUH PDQ\ PROHFXOHV DUH DQDO\VHG VLPXOWDQHRXVO\ 6XFK
DSSURDFKHV DUH XVHG PRUH IUHTXHQWO\ QRZDGD\V ZKLFK SDUWO\ RZHV WR WKHLU
SRWHQWLDOWRUHWXUQODUJHDPRXQWVRILQIRUPDWLRQ






LQGLYLGXDOV ZKLFK DUH DW ODUJHU ULVN RI EHLQJ GLDJQRVHG LQ WKH IXWXUH





ZLWK KXQGUHGV RI VLJQDOV ZKLFK RULJLQDWH IURP GLIIHUHQW PHWDEROLWHV LQ WKH
VDPSOH6LJQDOVIURPDVSHFLILFPHWDEROLWHFDQEHFRQYHUWHGWRLWVDFWXDOOHYHO
LQ WKH VDPSOH+RZHYHU WKHTXDQWLWDWLYHSURFHVV LVSUREOHPDWLF VLQFH VLJQDOV
IURP GLIIHUHQW PHWDEROLWH DUH VRPHWLPHV SRVLWLRQHG FORVHO\ 7KH UHVXOWLQJ
RYHUODS FDQ EH LJQRUHG DW WKH H[SHQVH RI RYHUHVWLPDWLQJ PHWDEROLWH OHYHOV
2YHUODSFDQEHDFFRXQWHGIRUWRJHQHUDWHDFFXUDWHPHWDEROLWHOHYHOV$OWKRXJK
DXWRPDWHGSURFHGXUHVKDYHEHHQGHYHORSHG WKH\ UHTXLUH ODUJHFRPSXWDWLRQDO
SRZHU HVSHFLDOO\ZKHQPDQ\ VDPSOHV KDYH EHHQ DQDO\VHG RU LI WKH SRVLWLRQ





PHWKRGRORJLFDO GHYHORSPHQW WR HQDEOH UDSLG DQG DFFXUDWH TXDQWLILFDWLRQ RI
PHWDEROLWHV E\ 105 7KH VHFRQG SDUW UHJDUGV WKH XVH RI PHWDERORPLFV –
LQFOXGLQJWKHGHYHORSHGPHWKRGIRUTXDQWLILFDWLRQ–WRLGHQWLI\ULVNELRPDUNHUV
IRUSURVWDWHFDQFHUDPRQJVWROGHUPHQ
,Q WKH PHWKRGRORJLFDO SDUW DQ DXWRPDWHG DOJRULWKP ZDV GHVLJQHG IRU
TXDQWLILFDWLRQRIPHWDEROLWHVE\1057KHDOJRULWKPZDVEDVHGRQDSULQFLSOH
ZKHUHRQHVSHFLILFVLJQDOZDVVHOHFWHGIRUWKHTXDQWLILFDWLRQRIHDFKPHWDEROLWH
DQG ZKHUH WKH RYHUODS ZDV DFFRXQWHG IRU E\ D VLPSOH FRPSXWDWLRQ 7KH
DSSURDFK ZDV WHVWHG RQ KXPDQ EORRG VDPSOHV (YDOXDWLRQ ZDV GRQH WR















GLVHDVH ZDV OLQNHG WR PRUH ULVN ELRPDUNHUV ZKLOH ULVN ELRPDUNHUV IRU QRQ
DJJUHVVLYH GLVHDVH ZHUH GLIILFXOW WR LGHQWLI\ 6LPLODU VWXGLHV KDYH RIWHQ
LGHQWLILHGGLIIHUHQWULVNELRPDUNHUVGHSHQGLQJRQGLVHDVHDJJUHVVLYHQHVV
3UHYLRXV VWXGLHV KDYH VKRZQ WKDW LQGLYLGXDOV ZLWK W\SH  GLDEHWHV DUH DW
ORZHUULVNRIGHYHORSLQJSURVWDWHFDQFHU6LPLODUPHWDEROLWHVWRWKRVHLGHQWLILHG
LQ WKH SUHVHQW VWXG\ HJ OLSLGV KDYH EHHQ LGHQWLILHG DV SRWHQWLDO ULVN
ELRPDUNHUV IRU W\SH  GLDEHWHV +RZHYHU ORZHU UDWKHU WKDQ KLJKHU OHYHOV
UHODWHG ZLWK W\SH  GLDEHWHV ULVN LQ SUHYLRXV VWXGLHV ,Q WKLV VWXG\ QHJDWLYH
FRUUHODWLRQV ZHUH IRXQG EHWZHHQ VRPH RI WKH SRWHQWLDO ULVN ELRPDUNHUV IRU
SURVWDWH FDQFHU DQG EORRG JOXFRVH DIWHU RUDO LQWDNH RI D VXJDUFRQWDLQLQJ
VROXWLRQ $GGLWLRQDOO\ LPSDLUHG JOXFRVH WROHUDQFH UHODWHG WR D ORZHU ULVN RI






Sn HWW K\SRWHVEDVHUDW YDO DY HWW InWDO PROHN\OHU I|U DQDO\V 'lUHIWHU I|OMHU
JHQRPI|UDQGHW DY DQDO\VHQ VWDWLVWLN RFK I|UV|N DWW GUD VOXWVDWVHU XWLIUnQ GHQ
XUVSUXQJOLJDK\SRWHVHQ7HNQRORJLVNDIUDPVWHJKDUP|MOLJJMRUWI|UPHUJOREDOD
WLOOYlJDJnQJVVlWW GlU PDVVYLV DY PROHN\OHU DQDO\VHUDV VDPWLGLJW *OREDOD
WLOOYlJDJnQJVVlWW DQYlQGVPHU RFKPHU LQRP IRUVNQLQJHQ YLONHW WLOO VWRU GHO
EHURUSnGHUDVSRWHQWLDOWLOODWWJHP\FNHWLQIRUPDWLRQ
0HWDERORPLNlUHWWJOREDOWWLOOYlJDJnQJVVlWWI|UDWWPlWDVPnELRPROHN\OHU
VnVRP DPLQRV\URU VRFNHU RFK ROLND OLSLGHU 'HVVD PROHN\OHU NDOODV I|U
PHWDEROLWHU RFK GHVVD KDU YLNWLJ EHW\GHOVH I|U KlOVDQ ([HPSHOYLV NDQ
HQ RQRUPDO I|UK|MQLQJ DY JOXNRVKDOWHQ L EORGHW HIWHU LQWDJ DY HQ
VRFNHUO|VQLQJDQYlQGDV I|U GLDJQRV DY W\S  GLDEHWHV 'HW JnU DWW lYHQ DWW
XSSPlWD PLQGUHPHQlQGnRQRUPDOWI|UK|MGDKDOWHUDYJOXNRVKRVLQGLYLGHU
XWDQGLDEHWHVVRPO|SHU VW|UUH ULVN DWW GUDEEDV DY VMXNGRPHQ VHQDUH L
OLYHW bYHQ DQGUD PHWDEROLWHU KDU NRSSODWV VDPPDQ PHG |NDG ULVN I|U
VMXNGRP0HWDEROLWHUVRPVDPPDQNRSSODVPHG|NDGULVNI|UVMXNGRPEUXNDU
NDOODV I|U ULVNELRPDUN|UHU0HWDERORPLN KDU RIWD DQYlQGV I|U DWW LGHQWLILHUD
GHVVD
.lUQPDJQHWLVN UHVRQDQV 105 lU HQ VSHNWURVNRSLVN PHWRG VRP
RIWD DQYlQGV I|U PHWDERORPLN 9DUMH SURY VRP DQDO\VHUDV PHG 105
JHQHUDUDU HWW VSHNWUXP VRP EHVWnU DY KXQGUDWDOV VLJQDOHU IUnQ GH ROLND
PHWDEROLWHUQD VRP ILQQV L SURYHW 6LJQDOHUQD NDQ RPYDQGODV WLOO
PHWDEROLWHUQDV KDOWHU L SURYHWPHQHQVnGDQSURFHVVlUSUREOHPDWLVNHIWHUVRP
VLJQDOHU IUnQ ROLND PHWDEROLWHU lU VYnUD DWW VNLOMD nW Gn GH |YHUODSSDU
gYHUODSSHW NDQ LJQRUHUDV PHQ GHW OHGHU WLOO IDOVNW I|UK|MGD KDOWHU 'HW JnU
RFNVn DWW WD KlQV\Q WLOO VLJQDOHUQDV |YHUODSS I|U DWW In IUDP ULNWLJD
SURYKDOWHU PHQ GHWWD WDU OnQJ WLG DWW J|UD PDQXHOOW$XWRPDWLVND PHWRGHU
KDU XWYHFNODWV I|U DWW |ND Sn VQDEEKHWHQ RFK GlUPHG P|MOLJJ|UV
KDOWEHVWlPQLQJ DY PHWDEROLWHU L IOHU SURYHU $XWRPDWLVN
KDOWEHVWlPQLQJ NUlYHU P\FNHW GDWRUNUDIW VSHFLHOOW QlU PnQJD SURYHU
VND KDOWEHVWlPPDV RFK VSHFLHOOW RP VLJQDOHUQDV SRVLWLRQ RFKHOOHU
OLQMHEUHGG
YDULHUDU PHOODQ ROLND VSHNWUD 'lUI|U ILQQV EHKRY DYPHU HIIHNWLYD PHWRGHU
'HWWD DYKDQGOLQJVDUEHWH NDQ GHODV LQ L WYn GHODU 'HQ I|UVWD GHOHQ DYVHU




, PHWRGXWYHFNOLQJHQ GHVLJQDGHV HQ DXWRPDWLVN DOJRULWP $4X$ I|U
KDOWEHVWlPQLQJ DYPHWDEROLWHU YLD105 VRPEDVHUDGHV Sn HQSULQFLS GlU HQ 
VLJQDOVSHFLILNWYDOWVXWI|UKDOWEHVWlPQLQJDYYDUMHPHWDEROLWRFKGlU|YHUODSS
KDQWHUDVJHQRPHQHQNHOEHUlNQLQJ$OJRULWPHQ WHVWDGHVSnROLNDEORGSURYHU
RFK HYDOXHUDGHV I|U DWW YLVD Sn GHVV VQDEEKHW RFK ULNWLJKHW 'HVVXWRP
SUHVHQWHUDGHV HWW WLOOYlJDJnQJVVlWW VRP P|MOLJJMRUGH DWW DOJRULWPHQ RFNVn
NXQGH KDQWHUD PHU NRPSOH[D VSHNWUD GlU |YHUODSSHW PHOODQ VLJQDOHU RFNVn
SnYHUNDVDYDWWGHUDVSRVLWLRQRFKHOOHUOLQMHEUHGGYDULHUDGHPHOODQVSHNWUD
'lUHIWHU DQYlQGHV PHWDERORPLN I|U DWW LGHQWLILHUD SRWHQWLHOOD ULVN
ELRPDUN|UHUI|USURVWDWDFDQFHUEODQGlOGUHPlQLHQVYHQVNNRKRUWcOGHUYLG
SURYWDJQLQJYDUHQYLNWLJIDNWRUHIWHUVRPROLNDULVNELRPDUN|UHULGHQWLILHUDGHV





SURYVDPOLQJDU L PnQJD NRKRUWHU NRPPHU IUnQ HQ SRSXODWLRQ PHG EUHWW
nOGHUVLQWHUYDOO -XVW L GHQQDNRKRUW KDUPDQGlUHPRW YDOW DWW VDPOD LQSURYHU
IUnQLQGLYLGHUYLGVSHFLILNDnOGUDUVDPWnU8W|YHUGHWWDXSSWlFNWHV
GHWlYHQDWWHQPHUDJJUHVVLYVMXNGRPYDUNRSSODWWLOOIOHUWDOHWULVNELRPDUN|UHU
OLSLGHU PHGDQ ULVNELRPDUN|UHU I|U LFNHDJJUHVVLY VMXNGRP YDU VYnUD DWW 
LGHQWLILHUD /LNQDQGH VWXGLHU EUXNDU RFNVn LGHQWLILHUD ROLND ULVNELRPDUN|UHU
EHURHQGHSnVMXNGRPHQVDJJUHVVLYLWHW
7LGLJDUH VWXGLHU KDU NRQVWDWHUDW HWW RPYlQW I|UKnOODQGH PHOODQ W\S 
GLDEHWHVRFKULVNI|USURVWDWDFDQFHU'HVVXWRPKDUWLGLJDUHVWXGLHUSnYLVDWDWW
OLNQDQGHPHWDEROLWHUOLSLGHUlUSRWHQWLHOODULVNELRPDUN|UHUI|UW\SGLDEHWHV
, IDOOHW W\SGLDEHWHVlUGRFN OLSLGHUQDVQLYnHU OlJUHKRV LQGLYLGHUVRPO|SHU
VW|UUH ULVN I|U DWW XWYHFNOD VMXNGRPHQ , GHQQD VWXGLH KLWWDGHV QHJDWLYD
NRUUHODWLRQHU PHOODQ YLVVD DY ULVNELRPDUN|UHUQD I|U SURVWDWD FDQFHU OLSLGHU
RFK JOXNRVQLYnHU L EORGHW HIWHU LQWDJ DY VRFNHUO|VQLQJ 'HVVXWRP KLWWDGHV HQ
PLQVNDGULVNI|USURVWDWDFDQFHUKRVLQGLYLGHUPHGQHGVDWWWROHUDQVI|UJOXNRV
YLG LQWDJ DY VRFNHUO|VQLQJ 'HVVD UHVXOWDW LQGLNHUDU DWW GHW RPYlQGD












-DQ(ULNVVRQ P\ FRVXSHUYLVRU 7KDQN \RX IRU WKH FRXQWOHVV KRXUV \RX
KDYHVSHQWKHOSLQJPHZLWKYDULRXVDVSHFWVRI WKH WKHVLVZRUN! I don’t know 
KRZWRH[SUHVVP\JUDWLWXGHLQZRUGV:LWKRXW\RXUKHOSWKLVZRXOGQRWKDYH
EHHQSRVVLEOH
&RULQH 6DQGVWU|P P\ FRVXSHUYLVRU , DP VR JUDWHIXO IRU DOO WKH
HQFRXUDJHPHQWDQGVXSSRUW\RXKDYHJLYHQGXULQJ WKLVSURFHVV ,ZRXOGDOVR
OLNH WR WKDQN \RX IRU WDNLQJ \RXU WLPH LQ KHOSLQJ PH RXW ZLWK ZULWLQJ
PDQXVFULSWVDQGWKLVWKHVLV
$QMD 2OVHQ P\ FRVXSHUYLVRU WKDQN \RX IRU DOORZLQJ PH WR YLVLW WKH
'DQLVK&DQFHU6RFLHW\5HVHDUFK&HQWHUGXULQJ WKHEHJLQQLQJRIP\GRFWRUDO
VWXGLHV WR OHDUQ DERXW VWDWLVWLFV LQ HSLGHPLRORJ\ ,Q DGGLWLRQ WKDQN \RX VR
PXFK IRU DOO WKH KHOS WKDW \RX KDYH SURYLGHG VLQFH ZLWK UHJDUGV WR UHDGLQJ
PDQXVFULSWVDQG WKHWKHVLV
, ZRXOG DOVR OLNH WR WKDQN WKH H[WHUQDO FROODERUDWRUV &HFLOLH .\Uø, (OLQ
7K\VHOO DQG*|UDQ+DOOPDQV IRU \RXU LPSRUWDQW FRQWULEXWLRQV WR WKHZRUN
LQFOXGHGLQWKLVWKHVLV6LPLODUO\,ZRXOGOLNHWRVLQFHUHO\WKDQNERWKSUHVHQW













RFKSRVLWLY/LQ WKDQN\RXIRUWKHFXWHSUHVHQWV ZKLFK UDQGRPO\DSSHDUHGRQ
P\GHVN )UHGULF WDFNI|UDOODSUDWVWXQGHURFKGLQDLFNHIXQJHUDGHI|UV|N
WLOO DWW In PHG PLJ WLOO J\PPHW 7DFN$QMD I|U DWW PDQ EnGH NXQQDW SUDWD
DOOYDULJWRFKVNUDWWDW WLOOVPDQJUnWHU LGLWW VlOOVNDS)ULGDYLKDU OlVWNXUVHU
XQGHUYLVDWILNDWRFKOXQFKDW WLOOVDPPDQV 7DFNI|UGLQYlQVNDS*XVWDYPLQ
WLGLJDUHNRQWRUVJUDQQH WDFNI|UDWW GXYDULWHQEUDNlOOD WLOO LQVSLUDWLRQVDPW










NUlYW HQ GHO WLGPHQ GHW KDU GHW YDULW YlO YlUW Gn GHW YDULW EnGH UROLJW RFK
OlURULNW
6LVWPHQ LQWHPLQVW YLOO MDJ WDFNDDOOD|YULJDNROOHJRU VRPKDIWNRQWRUSn
VDPPD YnQLQJ VRP PLJ 6XUHVK $QGHUV % ,QJPDU 9DGLP *XODLP
'DQLHO *XQQDU (YD RFK ,HYJHQ WDFN I|U DWW QL ELGUDJLW WLOO GHQ ILQD
DUEHWVPLOM|Q
'HW ILQQV Vn PnQJD SHUVRQHU EODQG YlQQHU RFK IDPLOM VRP MDJPnVWH WDFND
-HQQ\ XWDQ GLJ KDGH MDJ LQWH NODUDW VWXGLHUQD Gn YL EnGD E|UMDGH Sn
XQLYHUVLWHWHWI|UWLRnUVHGDQ7DFNI|UGHQUROLJDWLGHQVRPNRPERVL(ULNVEHUJ
RFKI|UDWWYLIRUWIDUDQGHlUYlQQHULGDJ5DQGLRFK6DQGUDMDJlUVnWDFNVDP
DWW YL VWnWW VLGD YLG VLGD XQGHU XQLYHUVLWHWVWLGHQ EnGH LQQDQ RFK XQGHU YnUD
GRNWRUDQGVWXGLHU-DJKRSSDVDWWMDJIXQJHUDWVRPHWWOLNQDQGHVW|GVRPQLYDULW
I|U PLJ XQGHU GHQQD WLG 'HW VW|GHW QL JHWW KDU YDULW RYlUGHUOLJW I|U PLJ
0DPPDRFK SDSSDQLVNDKDGHWVW|UVWDWDFNHW6RPLQJHQM|URFKOlUDUHKDU

QL DOOWLG IUDPKnOOLW YLNWHQ DY DNDGHPLVND VWXGLHU YLONHW WLOO VWRU GHO SnYHUNDW
PLQD YDO KlU L OLYHW 'HWWD lU MDJ YlOGLJW WDFNVDP |YHU 0HQ QnJRW lQQX
YLNWLJDUHlUGHYlUGHULQJDUQLOlUWPLJNULQJDWWDOGULJJHXSSRFKYLNWHQDYDWW
YDUD RPWlQNVDP VDPW DWW VW|WWD RFK KMlOSD YDUDQGUD 0LQ OLOODV\VWHU RFK L
PnQJWRFKP\FNHWRFNVnPLQI|UHELOG.DMVDWDFNI|UDWWGXYDOGHDWWIO\WWDWLOO
8SSVDOD I|U nWWD nU VHGDQ 'HW EHVOXWHW KDU LQQHEXULW DWW MDJ KDIW HQ GHO DY
IDPLOMHQ QlUD RFNVn XQGHU VWRUD GHODU DYPLWW YX[QD OLY0LQ NlUD OLOODV\VWHU






6LVWPHQ LQWHPLQVW YLOO MDJ QlPQDPLQ VDPER.DUO WDFN I|U GHW HQRUPD
VW|GRFKDOOGHQKMlOSVRPGXJHWWXQGHUPLQDGRNWRUDQGVWXGLHURFKWDFNI|UDWW
GX I|UJ\OOHUPLWWOLYI|U|YULJW
